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PREFACE

The extension phase of the Orbital Service Module (OSM) Systems Analysis Study
was conducted to further identify Power Extension Package (PEP) system con-
cepts which would increase the electrical power and mission duration
capabilities of the Shuttle Orbiter. Use of solar array power to supplement
the Orbiter's fuel cell/cryogenic system will double the power available to
payloads and more than triple the allowable mission duration, thus greatly
improving the Orbiter's capability to support the payload needs of sortie mis-
sions (those in which the payload remains in the Orbiter).

To establish the technical and programmatic basis for initiating hardware
development, the PEP concept definition has been refined, and the performance
capability and the mission utility of a reference design baseline have been
examined in depth. Design requirements and support criteria specifications
have been documented, and essential implementation plans have been prepared.
Supporting trade studies and an~lyses have been completed.

The study report consists of 12 documents:
Volume 1 Executive Summary

Volume 2 PEP Preliminary Design Definition

Volume 3 PEP Analysis and Tradeoffs

Volume 4 PEP Functional Specification

Volume 5 PEP Environmental Specification

Volume 6  PEP Product Assurance

Volume 7 PEP Logistics and Training Plan Requirements
Volume 8 PEP Operations Support

Volume 9 PEP Design, Development, and Test Plans

Volume 10 PEF Project Plan
Volume 11 P.. ‘ost, Schedules, and Work Breakdown Structure Dictionary
Volume 12 PEP Data Item Descriptions
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Questions regarding this study should be directed to:

Jerry Craig/Code EAM

Manager, Orbital Service Module Systems Analysis Study
National Aeronautics and Space Administration

Lyndon B. Johnson Space Center

Houston, Texas 77058, (713) 483-3751

D.C. Wensley, Study Manager, Orbital Service Module Systems Analysis Study
McDonnell Douglas Astronautics Ccapany-Huntington Beach
Huntington Beach, California 92647, (714) 896-1886
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Section 1
INTRODUCTION

1.1 PEP SYSTEM

The Power Extension Package (PEP) is a solar electrical power generating sys-
tem to be used on the Shuttle Orbiter to augment its power capability and to
conserve fuel cell cryogenic supplies, thereby increasing power available for
paylcads and allowing increased mission duration. The Orbiter, supplemented by
PEP, ~an provide up to 15 kW continuous power to the payloads for missions of
up to 48 days duration.

When required for a sortie mission, PEP is easily installed within the Orbiter
cargo bay as a mission~dependent kit. When the operating orbit is reached, the
PEP solar array package is deployed from the Orbiter by the remote manipulator
system (RMS). The solar array is then extended and oriented toward the sun,
which it tracks using an integral sun sensor/gimbal system. The power gener-
ated by the array is carried by cables on the RMS backhinto the cargo bay,
where it is processed and distributed by PEP to the Orbiter load buses. After
the mission is completed, the array is retracted and restowed within the
Orbiter for earth return.

Figure 1-1 shows the PEP system, which consists of two major assemblies -- the
Array Deployment Assembly (ADA) and the Power Regulation and Control Assembly
(PRCA) --~ plus the necessary interface kit. It is nominally installed at the
forward end of the Orbiter bay above the Spacelab tunnel, but can be located
anywhere within the cargo bay if necessary. The ADA, which is deployed,
consists of two lightweight, foldable solar array wings with their containment
boxes and deployment masts, two diode assembly interconnect boxes, a sun
tracker/control/instrumentation assembly, a two-axis gimbal/slip ring assem-
bly, and the RMS grapple fixture. All these items are mounted to a support
structure that interfaces with the Orbiter. The PRCA, which remains in the
Orbiter cargo bay, consists of six pulse width modulated voltage regulators
momnted to three cold plates, three shunt regulators to protect the Orbiter
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POWER PEGULATION AND CONTKOL ASSEMBLY

® VOLTAGE REGULATORS/COLD PLATES
® SHUNT REGULATORS

e POWER DISTRIBUTION/CONTROL
® SUPPORT STRUCTURE

INTERFACE KIT

® RMS POWER CABLE

® ATTACHMENT FITTINGS
® ORBITER BAY PIPING

® ORBITER BAY WIRING

ARRAY DEPLOYMENT
ASSEMBLY

© ARRAYS AND CONTAINERS
® MASTS/CANISTERS

® GIMBAL/SLIP RINGS/GRAPPLE
® SUN SENSOR AND CONTROLS
o INSTRUMENTATION

o CORE STRUCTURE

Figure 1-1. PEP System

buses from overvoltage, and a power distribution and control box, all mounted
to a support beam that interfaces with the Orbiter.

PEP is compatible with all currently defined missioﬁs and payloads and imposes
minimal weight and volume penalties on these missions. It can be installed and
removed as needed at the launch site within the normal Orbiter turnaround

cycle.

1.2 PEP ANALYSIS AND TRADEOFF TASKS

This document summarizes the objectives, conclusions and approach to the
accomplishment of the 19 specific design and analysis activities which were
defined a3 Task 2.0 of the OSM study extension. In addition, it includes sum-
maries of several additional tasks which were assigned to MDAC as action items
during the course of the study.

;
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Section 2
PEP ANALYSIS AND TRADEOFF TASKS

2.1 CLEARANCE ANALYSIS

This task consisted of the study of clearances of the PEP, (1) in its stowed
form and position inside the Orbiter bay and (2) in its deployed operational
orientations as positioned by the RMS.

2.1.1 PEP Stowed Position Clearances

Objective
The objective of this analysis was to determine the effects on the original

PEP concept geometry from dual RMS envelope constraints, Orbiter dynamic
deflections and Spacelab component envelopes. A further objective was to

define an allowable dynamic envelope for PEP based on these installaticn con-
siderations.

Conclusions R
The analysis show.d that the originally selected SEPS geometry array box could
not be installed transversely across the Orbiter bay and maintain clearances
with both the port and starboard Orbiter RMS envelopes. Also shown was that a
further reduction in size would be necessary if it was necessary to restrict
the array box to the nominal Orbiter payload 90-inch radius envelope. It was
cuncluded that the array could, from a practical standpoint, violate that
90-inch constraint utilizing a void that results from the RMS installation
itself. The Resulting Array box length was reduced from the SEPS 159.04 inch
size Lo 152.8 inch. This length is based on fixing the array box with respect
to the starboard sidewall of the Orbiter and being compatible with PEP
deflections and the worst case Orbiter sidewall deflections for any position
of PEP witkhin the Orbiter bay.

Approach
The groundrules require the ADA.portion of PEP to be capable of installation

at any longitudinal location in the Orbiter payload bay. The most constraining
case and its principal forecast use is with Spacelab in its short tunnel

MCOONNELL DOUOI-L‘%
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configuration with both elements of PEP installed over the tunnel between the
Spacelab module and the external airlock. Examination of the Spacelab module
and the airlock showed that the principr’ clearance requirement was for hand-
rails on those elements.

The ADA element of PEP is situated over the tunnel and its principal support
point on the Orbiter sidewall lies between those of the tunnel. The PEP struc-
tural support concept is strongly influenced by its position over the tunnel.
To provide lateral support in the bay, PEP required either a mechanism that
would reach arouna the tunnel to the keel area where payload yaw loads are
normally reacted or direct hard mounting to one sidewall of the Orbiter. To
reach the keel area for yaw support, a mechanism would be required that would
have to be carefully threaded through the tunnel support structure and
inserted into the keel fitting under the tunnel or would have to be segmented
S0 as to install part of it prior to tunnel installation and part of it after
tunnel installation. Neither approach was considered acceptable. Since the ADA
element and the PRCA element are individually of low weight (approximately
1000 1bs. each) their load input into the Orbiter sidewall (for a sidewall
fixed crnicept) would not exceed the trunnion friction load that occurs with a
maximum weight payload in a normal installation mode.

A secondary influence on the PEP envelope and clearance requirements is that a
Spacelab mission is possible with only pallet elements in which case the ADA
would have to be installed above a pallet. The impact of this was the decision
to place the ADA trunnion location 6 inches higher than normal payload loca-
tion and to use custom lightweight support fittings to fit this geometry.

The clearances and the resultant PEP allowable dynamic envelope result from
very preliminary deflection data and non-precision analyses. The PEP envelope
must be iterated at a future date when firm Orbiter deflections are defined.
This study utilized Orbiter sidewall deflection data from a preliminary memo-
randum on that topic prepared in 1977 and arbitrarily assumed some companion
sidewall angular rotations. These deflections were used to estimate the
dynamic excursions of the RMS envelope between (port and starboard) which the
PEP is installed. The worst case combined sidewall inward deflections from
the preliminary data was 4.48 inches. The sidewall (longeron) angular
rotation was assumed to be 2 degrees (1 degree from sidewall deflection and 1
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degree from local payload loading) which resulted in further RMS excursions of
1.26 inches per side. An add increment of excursion into the PEP envelope
region was a 1.0 inch increase in the width of the RMS dynamic envelope due to
PEP wire installations on the side of the RMS,

Results

This study analysis resulted in the PEP allowable dynamic envelope defined in
Figure 2.1-1 and the establishment of a maximum length array box of 152.8
inches. The analysis also established the PEP centerline installation offset
of 2.24 inches. These dimensions and offsets will require future verification
when firm Orbiter deflection data is available.

X, 6370 X 6815 X, 7488
i i ! NOTES:
; ' 1. THE ENVELOPE SHOWN DOES NOT INCLUDE TRUNNION INTERFACE WITH
A B _C THE ORBITER. IN SECT C-C TRUNNION INTERFACE MUST OCCUR ABOVE
42 o STATION 2, 419 OR OUTSIDE OF THE EXTENSION OF THE S0R BELOW
1 STATION Zg 419.

------ 2. THE LIMIT STATIONS Xq 748.8, X, 091.9 AND X, 081.5 ARE CLEARANCES
FROM HANDRAILS ON THE SPACELAB TUNNEL AND AIRLOCK
fro--g- RESPECTIVELY.

-Z_ 400.0- =C 3. THE LIMIT STATION Z,, 429 1S BASED ON ."INNEL AND
° TUNNEL STRUY DEFLECTIONS.

4. LIMIT STATION Z, 460 IS BASED ON AIRLOCK CLEARANCE.
5. LIMIT STATION Xo 635 1S BASED ON MMU AND EVA ENVELOPE CLEARANCE.
6. LIMIT STATION Z_ 414 BASED ON IGLOO CLEARANCE.

2, 400.0 -
Yo t780 y 150
Y, 00
SECT CC
1
Y, 00 Y, 00
SECT A-A SECT BB

Figure 2.1-1. PEP System Stowed Maximum Dynamic Envelope

2.1.2 PEP Deployed/Operational Position Clearances

Objective
The purpose of this anaiysis was to determine clearances between the PEP solar

array wings and the Orbiter external surfaces to establish the practicality of
holding the PEP array in its operational positions with the Orbiter RMS.
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Conclusions

The analysis of the PEP solar array wings in various deplcyed positions around
the Orbiter using the Orbiter's RMS to position array showed sufficiently
large clearances from the Orbiter body to have a high confidence level that
safe use in any of these positions is possible.

Approach

This analysis was accomplished as a combination graphics and calculation task.
The basic analysis was done for PEP array positions at the rectalinearly car-
dinal positions, overhead, off-the-wing, over-the-nose, and under-the-belly.
These positions were then inspected for Orbiter skewed attitudes. The geometry
of the array, the position cf the RMS/PEP interface and the array beta angles
were derived from the PEP reference configuration.

Re3ults

The resulting clearances shown in Figure 2.1-2 are for the PEP reference
configuration. Variations of the PEP studied offer only small dimensional
changes that would affect this clearance study and would not alter the conclu-

sions.

F"’?.nut // y
!
s-{‘ii:." -
REF
N
e \j
V40834
5.3IM REF
. Y. eTIS
‘ Vo-T110 "'fb
ho gt
L 2,1014.3 3 ™ ’ 2,1047.8 P
5.04M REF X o11201
2,818.72 —Z 8872
3 e
- > 280
..18M
~ 2,200 Sl 2 ————d 2,208
13w “F. :n“
{ 12764 Z0 14 s—J

Figure 2.1-2. PEP Clearances — Deployed
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There are two basic under-belly positions. Namely, with the RMS upper arm seg-
ment oriented forward along the Orbiter nose, as shown in Figure 2.1-2, and
with that arm segment oriented laterally toward the wingtip. Due to the RMS
shoulder axis being canted outboard by approximately 20 degrees, repositioning
the upper arm from the nose position to the off-wing position would increase
the under-belly clearance.

cull orbital attitude requirements of the Orbiter for various missions must be
examined in depth. For simple POP, solar inertial or earth oriented attitudes,
there is adequate clearances, however, further analysis is required if arbi-
trery attitudes of the Orbiter with large orbital skewed angles are to be
desired. The clearances shown in Figure 2,1-2 represent static conditions.
Deflections resulting from dynamic deflections of the RMS and the array sus-
pension system must be subtracted from the dimensions shown. The maximum array
tip deflection is calculated to be 7.3 ft (2.2M) due to VRCS plume impinge-
ment. This tip deflection would reduce the underbelly clearance hy 5.47 ft
(1.66M), but a clearance of 5.6 ft (1.7M) would remain under worst-case condi-
tions,

2.2 BRIDGE FITTINGS

Objectives

Select and define means of supporting in the payload bay both the Array
Deployment Assembly (ADA) and the Power Regulation and Control Assembly
(PRCA). Prepare a prelininary design of lightweight custom bridge fittings.
Investigate feasibility of common FEP/Spacelab/Tunnel bridge fittings. Verify
Orbiter structural lcad compatibility considering combined icads,

Conclusions and Recommendations

At the baseline location, the ADA forward support must share a bridge with the
two Spacelab tunnel support trunnion3. Either the special lightweight bridge
design developed for the tunnel must be redesigned to incorporate provisions
for ADA support fittings or the tunnel and ADA can share a standard Orbiter
Bridge.

Because the only available location for PRCA cross-bay beam is adjacent to the
Remote Manipulator System (RMS) base where no paylcad attach provisions exist,
a special lightweight bridge with integral attach fittings is recommended.

7
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Loading magnitude of hoth the ADA and PRCA are sufficientiy low to permit the

Yo axis loades to be reacted by the longeron bridges, negating the need for

keel bridges. The combined loads of the ADA and the Spacelab tunnel are below
the ollowable loads for s standard Orbiter bridge fitting.

Assumptions
Spacelab module configuration and location were taken from ICD 2-05101 and

Spacelab tunnel support locations and detail were from MDAC Drswing 1D21326
"lLayout, Struts." Load factors were from JSC 07700, Vol. XIV. Bridge loading
capabilities were from ICD 2-19001,

Approach
Standard Orbiter bridges and custom lightweight bridges were evaluated. Bridge

loading for critical flight conditions were determined and combined with all
other known payload elements, using the bridges. For the Orbiter bridges,
these loadings were then compared with the bridge capabilities.

Results
Figure 2.2-1 illustrates the current design of the lightweight bridge fitting
to be used to mount the Spacelab short tunnel. This bridge fitting weighs 31
pounds and is a custom design, fabricated from 7075 aluminum, has built-in
nals, and used only to support the two tunnel trunnions (2 trunnious each
se, total of 4). This bridge fi ting can be modified as shown ‘o accept a
>lt-on track and the custom retention latch to support the ADA trunnion. With
this modification, the weight of the hridge fitting and track will be 34.5
pounds. Figure 2,2-2 illustrates the standard Orbiter bridge fitting that can
be used to support both ADA and short tunnel. This bridge is fahricated of
titanium and weighs 55 pounds. If standard Orbiter fixed journals were used in
combination with the bridge, they would add an additional 40 pounds per side.
Therefore, if the tunnel custom bridge fitting with modification is used for
the ADA support, the total weight for the two bridge fittings and tunnel jour-
nals is 69 pounds. If the standard Orbiter bridge with standard journals is
used, the total comparable weight is 190 pounds. The significant items of this
total are the four 20 pounds standard journals. Redezign of these journals to
reduce weight is possible; however, it appears to be more cost and weight
effective to modify and use the existing lightweight bridge fitting design

with the integral journals.
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Figure 2.2-1. Custom Lightweight Bridge Fitting for Short Tunnel
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Figure 2.2-2. Standard Bridge Fitting
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Figure 2.2-3 illustrates the design of the custom .ridge fiitting to support
the PRCA., The fitting is fabricated of 7075 aluminum, it has integral journals
which can withstand both radial and thrust loads and the weight is 15 pounds.
Figure 2.2-4 illustrates the standard Orbiter bridge fitting in the area of
the PRCA support trunnions. Because of the presence of the RMS mounting base,
the structural attachment of the PRCA must be moved down and inboard from the
standard trunnion locstions. It can be seen that the standard bridge is cut
away to clear the RMS mount. It was found that the standard bridge could not
be used in combination with the PRCA baseline configurations. In addition, the
standard bridge is fabricated of titanium and weighs 45 pounds.

NOTE: USE STANDARD ORBITER BRIDGE ATTACH HARDWARE
TO SECURE CUSTOM BRIDGE TO ORBITeR AT

X 649.0 2,408.2¢
Xo865.25 Z,398.76
X,6930 Z 401.76
MACHINED FROM 7075 AL. 1.0 PLATE STOCK

-— - —_— - =Y, 106
‘ ATTACHED TO SIDE kY
! OF ORBITER AT LONGERON \
g L
.f |
1 SNUBBER FOR Y, LOAD . A
i /1 sTaBILITY <
- -El — - —F - Yo 94.0
J_ D‘_;I—J
Xo645.5x 649.0 X,885.25 X,887.5
. 6885
20‘10-0___ . - __— o m _— - - BRG PAD '20‘10-0 -
zo‘m‘ - ¥ :‘;'? ‘ —~ - Zom.s _’L |
]\Loueenon
™~ > z,,aos..*sl
Z,300.75 Fus A;:nianv.-’] Lo | 20400007,
"V ’ Y04
X664.5 X,883.0 °

Figurs 2.2-3. Custom Lightweight Bridge Fitting
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Figure 2.2-4. Standard Bridge Fitting
2.3 SILL LATCHES
Ob jectives

The objectives of this task are: to verify the definition and availability of
remotely operated payload retention latches for PEP Array Deployment Assembly
(ADA) and to provide interface definition for payload retention latches.

Conclusions and Recommendations

The use of standard Orbiter payload retention latches is not an acceptable
method of support and retention for the ADA because of size, weight and trun-
nion elevation. Development of a custom lightweight retention latch, using a

standard bridge fitting and electrical interface 1Is recommended.

Approach

The Phase A study baseline configuration utilized a four trunnion support for
the ADA. The concept shared the short tunnel bridge fittings with the ADA
retention latches nested between the tunnel trunnion locations. Further inves-
tigation has shown that this solution did not provide adequate space for
standard retention provisions plus the weight of the standard retention
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latches was prohibitive when compared to the weight of the PEP system. A rear-
rangement of the support provisions for the ADA was undertaken and a new
design prepared which provides the features of lightweight, adequate space and
flexibility in location of the aDA in the cargo bay.

Results

The baseline .etention provisions for PEP are illustrated by Figure 2.3-1. The
ADA support uses three trunnions, two on the right side and one on the left
side. Both forward trunnions are at Station X 715 and the aft trunnion is at
Station xo758.3. The elevation of each trunnign 1s Z 420. The forward reten-
tion latches share the bridge fittings, on both sides, with the short tunnel.
The aft retention latch shares the bridge fitting on the right side with the
Spacelab. A fitting to react PEP lateral (Y j j19ads is also installed on the
forward bridge fitting on the right hand sige.

It was found that for an all pallet configuration of Spacelab the ADA must be
mounted above a standard pallet. In order to accomplish this, the support

trunnion elevation must be raised to Zo 420 to prevent interference with the
paliet sills. The current baseline design allows the ADA to be mounted over

1M2Les
Yo LOADS)

- —%- i e e W i
T - | 3

W ' SPACELAB

T il ]l _,/

WS ! T

- - - P - ¥ -106
RETENTION LATCHES-, ~POSITIONING
{TUNNEU (TUNNEL) SPRING

9.3 7425 (SPACELAE)
(PRCA} {PRCA) {ADA)} (Y ,ADA) X 801,
X, 063.5 X 887.5 XI5 XX | X883 I * MAX REATION
| . | °~ LOAD = 5000 LEsS

o'y ..0 {o L °

T N NP 4

msaoss{ “f £ RIGHT
X, m :3'1'?16:!;'5?'"003 780 ONLY 80?7
STD ORBITER BRIDGE FITTINGS
VIEW A-A
Figure 2.3-1. PEP Retention Provisiors
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payload pallets at any Xo location in the bay which is compatible with the
payload and RMS reach limit. Figure 2.3-2 illustrates the ADA mounted over the

Spacelab pallet. Figure 2.3-3 illurtrates PEP mounting flexibility which may
. be used for Orbiter CG adjustment.

Il
LIGHTWEIGHT N
PAYLOAD
RETENTION
LATCH
--— ZAN :

@ - A ‘\;, SPACELABPALLET |

. i S
-2 v&':(:e?”r
¢ = L
N
Figure 2.3-2. Array Deployment Assembly — Aft Bay Mounting
BASELINE .
LOCATION
AIRLOCK X715 ADA 2,400 7

Y

—t L —— |

MODJL Z MISSION

LIMIT OF
RMS REACH v
PRC/ X 1175 e
ADA > eng ADA .
—— \ £ORWARD / AFT (
. T\ oo B
]

PALLF" PYSSION

Figure 2.3-3. PEP Integration Flexibility
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The standard Orbiter payload retention latch as defined by Rockwell
Specification MC287-0025 is designed for a 3.25-inch diameter trunnion at an

elevation of Zotnu. The latch is designed for a maximum reaction load of
180,000 pounds and the weight of each unit is approximately 100 pounds.

The maximum reaction load on the PEP-AL)\ trunnion is approximately 5000
pounds. The trunnion stowed centerline must be at Z . 430 and it would be
desirable to reduce the ADA trunnion diameter below the standard to reduce
weight. The standard retention latch weight would be approximately 15% of the
total PEP system weight if they were used. Based on these findings it was con-
cluded that PEP would require a custom lightweight retention latch design.
Figure 2.3-4 illustrates a design concept for a retention latch for PEP which
is a "scaled down" version of the existing Orbiter standard design. This
design could have a dual motor drive system. Figure 2.3-5 illustrates a second
latch concept utilizing a single motor drive with a manual override. Both
design concepts interface with a standard Orbiter bridge fitting; the journal

centerline is located at Zonao. the journal diameter is two inches, the ulti-
mate load capability is 20,000 pounds, and the electrical interface would mate
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Figure 2.3-4, Lightweight Retention Latch Concept
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Figure 2.3-5. Lightweight Retention Latch Assembly Concept

with the standard Orbiter connector. The weight of the custom latch is calcu-
lated to be less than 15 pounds or approximately 2% of the PEP system weight.

2.4 RMS WIRING

Objectives

The objectives of this task are: verify feasibility of a wiring interfzce kit
coricept ; provide installation and routing details in support of interface
definition activity; quantify impact of RMS power cable on wrist roll
performance and acceptability of any limitations; determine compatibility of
special purpose end effector (SPEE) wiring with PEP requirements and propose
solutions to any incompatibilities; define separation device location.

Concluaions and Recommendations

The concept of supplying the RMS power cable as a kit for installation on the
RMS is feasible, however, the basic RMS must be modified to adcd attachment
provisions for the cable. This modification must be done either during the
initial fabrication of the RMS or during a period of major refurbishmeat. It
is recommended that action be initiated to have Spar incorporate the

modifications in a deliverable RMS which is compatible with PEP program
schedules,
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A cable routing has been established which allows unrestricted operation of
all RMS joints except for the wrist roll restriction of 11800. The wrist roll
limit has been determined to be adequate for PEP operations and for use with
other payloads.

The special purpose end effector wiring is adequate to operate the PEP, how-
ever, the electrical power available to operate deployment mechanism gimbal
drives and latches is limited,

The power cable umbilical, located at the SPEE and grapple fixture interface,
is operated by an electromechanical actuator attached to the grapple fixture.
This arrangement requires the SPEE conrector be mated prior to mating the
power connector.

The power cable, when installed on the RMS and the RMS is stowed in the
Orbiter, violates the 93-inch clearance envelope established for the cargo
bay. The intrusions are short in length and occur only at the elbow and wrist
piteh joints. Investigation has shown that no physical interference will exist
with any of the basic Spacelab configurations. It may be possible to eliminate
these intrusions, however, the resulting power cable design and installation
would be much more complex. It is recommended that the current design be used
unless it can be demonstrated that a physical interference exists with a
potential payload that will fly with PEP,

Approach
Tre requirements for the RMS wiring (power bus) evolved as a product of the

MDAC PEP studies. Spar Aerospace Products, Ltd., of Canada, under contract to
MDAC used these requ ‘'ements to produce @ design for the external attachment
and handling of PEP power i(us on the RMS.

Results

Figure 2.4-1 illustrates the PEP power cable installed on the port side RMS.
Mounting methods employed in the design of the RMS operational cabling were
ved for the PEP installation. Split i:ito two bundles of six cables each tne
wiring is installed on the upper inboard surface of the arm. Loops In the

cable accommodate RMS shoulder and wrist roll flexure. A simple "V" Bend

16
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Figure 2.4-1. RMS Power Cable

allows elbow motion and an "S" cable configuration is used for wrist piteh and

yaw. Figures 2.4-2 through 2.4-6 contain the mechanical details of cable han-

dling system design. Additional details and analysis are contained in Appendix
A, Spar Report SPAR-R 9l40.

The PEP power cable is attached to the RMS using custom designed cable support

assemblies spaced at approximately 8-inch intervals for the entire length of
the RMS arm. These supports

penetrate the Kevlar bumper coating on the exterior surface of the boom and

are bonded to the composiie structure. At the joints fiberglass guides are

attached to contain the cable and allow flexing.

are attached using screws into bosses which

. 17
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2.5 WING DEPLOYMENT MECHANISM

Ob jective

The cbjective of this task was t: re-examine the configurational relationship
between the array wing box and the mast canisters. The two basic considera-

tions included the packaging subassembly concepts and the issue of rotating
versus fixed canisters.

Conclusions

The analysis concluded that the lowest weight (and probably lowest cost) con-
cepts were either the integral wing box or the strongback versions. The inte-
gral wing box concept was recognized early ir the study as the concept most
likely *o meet an early system weight bogie of 2010 pounds and was the primary
reference configu-ation. Late in the study it was determined that wing box
flexure from the box cover preloading of the contained array blanket would
present an undesirable interface condition between the wing box and the core
integration structure. The reference configuration was then altered to reflect

the strongback concept features.

The early study selection of the rotating canister concept was related to mast
canister sizing criteria of that period which pointed .oward very long
canister geometry which would nrot hav fit between the airlock and the
Spacelab in a fixed canister arrangement. Subsequent canister cizing criteria
has resulted in shorter canister geometry and reassessment of canister stowage
positions in PEP was done. Canister lengths are now possible which would allow
a non-rotating canister PEP configuration. That arrangement is possible by
placing the canisters side by side with the mast being eccentric to the array
blanket centerline. Reassessment. of rotating versus fixed canister issue con-
cluded that either corcept will fit the PEP criteria. However, the rotating
canister feature was retained for the reference concept because it still
allowed a greater degree of tradeoff be ween canister diameter. ln gddition, a
preliminary examination of _ne dynamics of the off-center mast indicates
satisfactory ¢ynamic behaviour; however, a more rigorous analysis is necessary
to verify the preliminary conclusion.

Approach
PEP was re-examined for the configurational approach to the "where" and "how"

to join the wing hoxes, the canisters and the integration structure. Four var-
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iations on the subassembly concepts were examined and included:

e Integral Wing Box--Wing box as a load-carrying member of the array
integration structure.

e Strongback Concept--Wing box as an attachment to the load-carrying
integration structure (strongback).

® Modular Wing Concept--Integrated wing box/canister module as an attach-
ment to a strongback.

o Integral ADA-PRCA Concept--A strongback variation in which the ADA has
a minimal integration structure and which stows on a strongback which is the
PRCA support structure.

The fixed canister variation is applicable to any of the concepts but was
examined only in the integral wing box concept (the early reference
configuration).

Integral Wing Box Concept--This concept uses lightweight structure to join the

two wing boxes into a structural box beam having the 1/ rgest cross section
possible within the envelope constraints of the ADA. ‘This box beam has the
mast canisters and the gimbal package installed upon it. This concept results
in the most complex mechanical interface between the wing box and the
integrating structure. This interface consists of a large number of attach-
ments along the edge of the wing box. This approach rigidizes the two wing
boxes to each other and requires a method to decouple the wing masts or can
isters from the overall array core structure for a desired low natural
frequency . Figure 2.5-1 shows the subassembly concept utilizing the integra-
tion core structure to interrelate the mast canisters and the wing boxes. The
canisters are supported on the core structure with either single or double
trunnions. The masts are decoupled either by providing a method of springing
the deployed mast within the canister or by springing the canister on its sup-
port structure. This spring system must be so designed as to be locked out
during wing box cover locking and canister rotation.

Strongback Corcept-~This concept, Figure 2.5-2, is very similar to the inte-
gral wing box concept except that the wing boxes do not act as loasd- carrying
members of the core structure. They will be attached to the core structure in

a manner that will minimize structural coupling. With the clearance necessary
for the blanket tensioning and guidewire reels on the bottom of the wing boxes

MCDONNELL MWQA%
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CORt STRUCTURE

WING BOX ASSEMEBLY

Figure 2.5-1. Subassembly Concept for Integral Box Configuration

MAST CANISTER SUPPORT AND
ARRAY INTERFACE LINKAGE
ASSEMBLIES

WING BOX ASSEMBLY

GIMBAL ASSEMBLY

WING BOX
ASSEMBLY

STRONGSACK BEAM

Figure 2.6-2. Subassembly Concept for Strongback Configuration
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the width of the core structure is reduced by approximately one-third compared
to the integral wing box concept. That, in conjunction with side panels added
to replace the wing boxes, will make overall ADA weight larger. 1: this con-
cept the wing boxes attach to the core structure with only four bolts. The
canister mounting and decoupling would be the same as the integral wing box
concept.

Modular Wing Concept--This concept is a significant variation in that the wing
box and the associated mast canister is joined into a structurali asseably
which is then mounted on a strongback-like beam. This concept similar to the
strongback concept suffers from a narrower and heavier core structure beam.
There are two methods of mounting these wing modules. One is decouple the mast
from the canister or decouple the canister from its support and then rigidly
attach the module to the core structure. The other method is to make the mast-
canister-wing box assembly a rigid system and spring mount the module to the
strongback as seen in Figure 2.5-3. This concept offers modular asseambly and
rigging of the mast and wing box assemblies and displays interface and pro-
grammatic advantages. This configuration vas explored by LMSC during their

Figurs 2.6-3. Subassembly Concept for Modular Wing Configuration
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FEP-related studies and selected as their preferred conriguration. The
modular-wing configuration necessarily suffers the least efficien®t structrual

gromel.ries and is the heaviest of the options studied.

Int .gral ADA-PRCA Concept--This concept is a variation of the strongback con-

cept with significant weight reduction as the primary goal. Examination of the
2} location of weight in the various PEP elements shows that a significant
amount of non-array weight lies in the bridge and retention fittings necessary
t> interface PEP with the Orbiter. The concept solution has a strongbs-’.
structural beam which was configured to support the system electronics from
wiich a small saddle structure is mounted and deployed. The wing boxes and the
mast canisters are attached to (lr.s caddle structure either as discrete ele-
ments as in the strcngback concept o~ as module assemblies as in the modular

concept (see Figure 2.5-4).

This concer. shows the potential for a very low weight approach if the ADA
inst~.lation occurs at the forward location where the electrical systems
interfaces are. For missions which require the ADA to be located at same aft

position for payloa’ viewing or center of gravity control a conflict exists.

MAST CANISTER SUPPORT AND
ARRAY INTERFACE LINKAGE

PRCA AND ADA SUPPORT
STRUCTURE

Figure 2.5-4. Subassembly Concept for Integrated ADA and PRCA
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If the ADA-PRCA package was moved aft the new electrical interface condition
occurs which requires a special kit. If the PRCA/strongback is left in the
forward position then a new kit structural beam (possibly a duplicate strong-
back structure) is required. Also a possibility occurs for the need of addi-
tional bridge and retention fittings. Either of these aft location solutions
tend to nullify the potential weight improvements of the basic ADA-PRCA inte-
graved concept. Because of the great desirability for aft-bay mounting
flexibility of the ADA for Orbiter CG adjustment, the strongback, two-assembly
concept was sSelected as the referenced design.

These concepts were evaluated with the rotating canister approach which PEP
was configured for in the original study. More recently mast-canister design
criteria and discussions with manufacturers of those systems led to a down
sizing of the canister and a reappraisal of the trade between a rotating
canister and a fixed canister in the PEP configuratione Some comparisor data
in the mast-canister sizing for the two approaches is found in Section 2.10.
Fundamentally the rotating canister requires a scheme for the rotation and
results in a mast-array blanket with symmetrical geometry while the fixed
canister requires no scheme or mechanism but results in mast asymmetry of
approximately 16 percent of the blanket width and slightly larger and heavier
mast-canisters. A PEP configuration for fixed canisters is seen in Figure
2.5-5. All of the first four concepts were evaluated for fixed canister appli-
cation and were found to be conceptually compatible.

2.6 FUEL CELL VOLTAGE CONTROL

Objective

The objective of this study effort was to assess methods of controlling the
fuel cell voltage to assure fuel cell operation at 1.0 kw each while not
exceeding allowable Orbiter bus voltages.

Conclusions and Recommendations

Coordination with JSC on the six Orbiter/PEP interface schemes discussed here
led JSC to baseline the use of a 33.0V Orbiter load bus and payload voltage
limit. The load bus/regulator sense point must be controlled to a voltage 0.4V
below the bus 1limit. The IDD scheme of tying the PEP into the fuel cell bus
feeder provides the best mission duration performance for a given bus voltage
1imit. PEP system sizing should be updated when Rockwell has a better estimate
of Orbiter line lengths/losses and PEP interfaces.
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Figure 2.5-5. Fixed Canister Concept

Assumptions
The PEP/EPS integration must mirimize the impact on the Orbiter. The Orbiter

bus voltage car be raised to 33.0V, although the present limit of 32.0V is
preferred. Fuel cell voltage - current characteristics are as defined in
Figure 2.6-1, which will be discussed subsequently. Mission duration
performance requirements necessitate fuel cell operation at an average output
of 1.0 kw each during the sunlit periods of the orbit.

Approach
Various power system options were postulated and evaluated for suitability

with the Orbiter system and the fuel cell current-voltage characteristics. The
fuel cell characteristics used were obtained through the courtesy of United

Technologies, Power Systems Division. The data was checked with data from JSC
and RI and good agreement was found. Alternate solutions were compared on the

basis of FCP idle level, system weight and array size and cost.
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Results

The Orbiter is currently powered night and day by three fuel cells, nominally
one on each of the three load buses. The PEP solar array provides energy only
when illuminated, which can vary from 62% to 100% of the orbit period,
depending on launch time and inclination; the frel cell power to the bus must
be: (1) reduced to approximat..y 1.0 kw per fuel cell during the illuminated
peridd. and (2) re-initiated the following night, while maintaining
satisfactory steady state and transient voltage regulation.

The relevant fuel cell and voltage regulator voltage characteristics are pres-
ented in Figure 2.6-1; the fuel cell curve is for a nominal age fuel cell,
midway between the characteristics for new and for old (5000 hour age) fuel
cells. The curve is based on analytical predictions by the Power Systems Divi-
sion and assumes average heater loads. The figure also shows the PEP shunt
limiter and voltage regulator operating bands, assuming the maximum allowable
Orbiter bus voltage is 33,0V. The shunt limiters, which are discussed in
Volume 2, protect the Orbiter buses from overvoltage transients for certain
voltage regulator failure modes. The 0.2V wide band allows for all factors
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that effect voltage (e.g. adjustment and voltage reference inaccuracies and
variations in shunt current). The 0.2V voltage regulator operating band allows
for similar inaccuracies and variations. The two bands are separated by 0.1V

to assure that the two units do not overlap and interact with each other,

The nominal bus voltage (32.6V for the example), which represents the midpoint
of the voltage regulation band, has been used for nominal performance predic-
tions. The nominal bus voltage must always be 0.4V below the maximum allowable
bus voltage (e.g., 32.6V for the example, or 31.6 for a 32.0V case). The
intersection of the fuel cell curve and the nominal bus voltage represents the
fuel cell operating point (~0.9 kw for the 32.6V example of Figure 2.6-1).

The fuel cell power is controlled by ad justing the locatior of the voltage
regulator band. (The setting depicted is the highest allowable for a 33.0V bus
limit). The fuel cell power output is ~0.9 kw for a 33.0 volt bus limit and
~1.8 kw for a 32.0V limit,

The location of the voltage regulator sense point and the PEP power feeder
ties relative to the fuel cell and the load buses can significantly influence
the fuel cell idle power settings just discussed. A parametric evaluation was
made of several alternative configurations for each of the 3 fuel cells. This
work was completed in the middle of the study and is based on an early set of
assumptions regarding PEP and Orbiter line lengths and resistances. These par-
ametric results require a slightly higher PEP power output than is currently
required as the result of: (1) the current selection of a less remote
interface for payload power delivery and (2) other line loss reductions. An
example of the assumptions and results of the parametric analysis is presented
in Figure 2.6-2. The example is for fuel cell no. 2 (FCP 2) and the main B
bus. The electrical loads assumed for this portion of the system are: (1) 5.0
kw to the payload and (2) an Orbiter load of 4.67 kw on main B (one-third of
the Orbiter 14.0 kw load). The example is for the IDD a case wherein the PEP
power is fed into the Orbiter near the fuel cell in its feeder to the bus; a
wire temperature of 100°C was used, and 32.0V maximum is allowed on Orbiter
loads and payloads. The 32.0V limitation necessitates the main B bus to be
31.62V as noted on the figure (the current value would be 31.60 per *“e above
discussion of Figure 2.6-1). Load feeder losses are neglected in setting the
31.62V bus limitation, because the loads on any given bus might be very low at
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Figure 2.6:2. PEP/Orbiter Interface Performance IDD Interface, Main B/FC2

some point in time. The voltage regulator sensor is designated by S+; it is
located in the MDA near the bus but ahead of the fuel cell feeder switch so
that operation of the switch to "open" will not isolate the regulator from its
sense point. The regulator sense point in this example is set at 31.67V, which
leads to a fuel cell positive terminal voltage of 31.73V, a negative terminal
voltage of -0.02V relative to ground = 0V) and a fuel cell V of 31.75V. The
resulting fuel cell powo~ is 1.65 kw (52A at 31.75V) per Figure 2.6-1. T:e PEP
power requirement to support the main B loads can be determined now that the
fuel cell conribution is known. The power required is 8.525 kw (258A at
33.08V); 33.08V = 32,41V -(-0.68V). The PEP parasitic power losses have not
yet been accounted for, and the actual power required from this portion of PEP
is 8.525 X 29.2/29.0 = 8.584 kw, because the system must deliver 29.2 kw of
gross power to deliver 29.0 kw of net power to the 14 kw Orbiter loads and 15
kw payloads. The other portions of PEP must supply: (1) Main A and Main C
Orbiter loads (fuel cell 1) -—— 8.127 kw; and (2) 10 kw for payloads (fuel
cell 3) -— 9.273 kw. The total PEP output is then 8.584 + 8.137 + 9.273 =
25.99 kw at the power distribution box (7. .) output, or 24.22 at the load bdus
interfaces.
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A summary of the parametric study results is presented in Table 2.6-1. The
example just described is the fuel cell power plant (FCP) feeder (IDD) case,
column 1; Figure 2,6-2 is for the FCP 2 case where the FCP provides 1.65 kw.
The total FCP output is 4.98 kw which yields a 17.0 day mission duration zs
contrasted to the desired 3.0 kw required to achieve appreximately 20 days
mission duration (at 21 kw load, 55° inclination and solstice launch). The PEP
electrical output is relatively low (24.22 kw) for tne IDD case, bzcause the
fuel cells provide a relatively large amount of power (4.98 kw): 24.22 + 4.98
kw = 29.20 kw, The long duration options all require larger PEP outputs and
solar arrays, as can be noted in the solar array productior cost item. Array
costs, which are a system driver, are based on $21,850/m2 for production. The
blanket weight, which predominates the solar array, is shown in Table 2.6-1.

The following cymments apply to the various other options of Table 2.5~1:
A. J-Box Splice (Dec '78 BL), Aft PCA6--This option represents the Decem-
ber 1978 baseline® wherein the PEP power is fed to the Orbiter relatively

remotely from the fuel cells so that line losses and sensor locations have an

adverse effect on FCP voltage and, consequently, fuel consumption and mission
duration (see Table 2.6-1). The weaknesses of this scheme were recognizec late
in the previous study phase and the utilization of the MDA's was discussed
with JSC personnel at the November 1978 final review. Rockwell International
was also queried about the installation feasi- bility of the IDD approach in
telephone discussions in early January 1979.

B. J-Box Splice (Dec '78 BL), Aft PCA4--This scheme is a variant of the
previous scheme where in FCP1 operation is improved by feeding PEP power at
Aft PCA4 rather than Aft PCA6. This scheme is preferred to the Aft PCA6
approach.

C. FCP Feeder (IDD), 32.68V max--This option assumes that the 32.0V load
bus limit can be raised to 32.68V in order to get the fuel cell operation

down to 1.0 kw each. The selected reference system is similar to this, except

the voltage limit is raised to 33.0V to provide some margin. The PEP power
output requirasment is higher in this case as discussed earlier, as is the reg-

ulator power and, consequently, heat rejection.

®*DaRos, C. J., Orbital Service Module Systems Analysis Study Documentation.
MDCG7555, Volume 2 Technical Report, Contract NAS9-15532, December 1978,
p. 79.

33
AecoonnELL mc&_

N M cax
~ L



* TR IR VR e e gt L v

Table 2.6-1.

PEP/Orbiter Power Output Options!

J-Box/Splice

J-Box/Splice

FCP Feeder (Dec. 'T8 BL) (Dec. '78 BL)
(IDD) Aft PCA 6 Aft PCA L
FCP power output, kW
e Average/total (3 FCPs) 1.66/4.98 2.19/6.56 2.04/6.13
e FCP 1 1.68 2.66 2.23
e FCP 2 1.65 2.00 2.00
e FCP 3 1.65 1.90 1.90
PEP power output, kW
(PDB/1load bus) 25.99/24 .22 23.71/22.64 24.23/23,07
Mission duration days
e 21kW, Solstice, i = 55° 17.0 15.1 15.6
e 21kW, Equinox, i = 55° 12.2 11.1 11.4
Weight, 1b 176 698 Tk
e Blanket? 634 570 583
¢ Wire and equipment (A) 142 128 131
Array blanket cost2, $M 6.61 5.95 6.08
Heat rejection, kW
e Regulator 2.92 2.66 2.72
e PDB 0.26 0.24 0.24
e Diode NA NA NA
FCP Feeder FCP Feeder FCP Feeder
(1DD) (IDD) (1pD)
232,687V Max 1 Diode 2 Diodes
FCP power output, kW
e Average/total (3 FCPs) 1.0/3.0 0.91/2.73 0.42/1.26
e FCP 1 l1.01 0.91 0.40
e FCP 2 0.99 0.91 0.3
e FCP 3 0.99 0.91 0.43
PEP power output, kW
(PDB/1oad bus) ~28.07/26.20 28.53/26.47 30.14/27.94
Mission duration days
e 21kW, Solstice, i = 55° 19.8 20.3 22.7
e 21kW, Equinox, i = 55°¢ 13.8 14.0 15.7
Weight, 1b 776 878 922
¢ Blanket? 684 684 T22
e Wire and equipment (A) 142 194 200
Array blanket costZ, $M 7.1k T.1k4 7.5k
Heat rejection, kW
e Regulator 3.15 3.20 3.38
e PDB 0.28 0.29 0.30
e Niode NA 0.07 0.06

l32.0 V maximum unless noted, Busses A, B, and C at 4.67 k¥ each and 15 kW to

Spacelsd

Rated power at end-of-life
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D. FCP Feeder (IDD), 1 Diode--This option is an alternative to the
selected 33.0V bus 1limit (paragraph C, above). The basic diode approach
involves paralleled diodes placed between the fuel cell and the load bus/
voltage regulator sensor. The voltage drop across the diodes is approximately
0.8V, which raises the fuel cell'voltage by this amount when the PEP is
generating power. At night, wh>n the Orbiter is on fuei cells only, the diodes
are bypassed via parallel switches. This scheme permits FCP operation at 0.91

kw each and a mission duration of 20.3 days.
E. FCP Feeder (IDD), 2 Diodes--This cption is the same as the on
described in paragraph D above except 2 diodes are placed in series to get a

1.6V diode drop. The fuel cells opera.e at an average power leve. of 0.42 kw

and the mission duration is 22,7 days, at the expense of a larger solar array.

As mentioned previously line losses and load interfaces were revised subse-
quent to the completion of the parametric work discussed above. Figure 2.6-3
presents the current assuvmptions and results for fuel cell 2/main B; the exam-
ple is for a 1 diode case. Similar results are obtained when the fuel cell
voltage is raised by raising all the system voltages by 0.8V (no diode, 33.0V
bus 1imit case); the PEP output requirement is reduced slightly in the latter

case.
PEP OUTPUT
897 KW
ORBITER PL iNTERFACE (278A @ 32.46 AV)
LOADS o3 oxmVe ¢iR20V
| 4.67 KW (148 A) (10A@ |05 ma 7 £T) Sosmma
- MOA . 31.44AV) \l : 2
——— o Noa p:
= 0.5 mQ +31.42v
i ’ NAIN & ' L M —==
| TV oyima CO R o
{ ” | 154 A | 4 ommn CONNECTOR
A= 0.7 mf ! ——= \——tm L
.-—f-—< — 3 0.19mQ2 :\o.o:w LOADS
074 ’ N
nev 4 1.70 mQ2 18 FT 8D mQ2
P \p—
[ - A 2.1V
0.19 m2 1:
~0.8 v DIODE
+34.40V NOTES:
FCr2 Y 1. MAX LOAD VOLTAGE ~ 32.0V
100kw [ == ) oy 2. 100°C WIRE TEMP
(3A) —_— 3. IDD - FC2/MAIN B
4. 1.0 KW/FCP {DIODE
0.0V EXAMPLE)
0.42m02

Figure 2.8-3. PEP/Orbiter Interface Parformance
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2.7 REGULATOR DEFINITION

Two distinct areas of effort evolved from this task which are separately
reported below. T

2.7.1 Regulator Tyve and Efficiency
Objective }.
To develop a 5 kw power regulator operating under =microprocessor control at )
efficiencies of 90% or better to demonstrate the technology for application on
the Power Extension Package as applied to Shuttle Orbiter.

—

Conclusions and Recommendations

The standard buck type regulator circuit, together with proprietary MDAC low-
loss snubbers, can be made to 3erve the Orbiter Power Extension Package needs
With overall efficiencies approaching 92%, us contrasted to the units devei-

oped under separate funding which achieved an overall efficiency of 89% maxi-

mum. Adequate over~-voltage protection, transient esponse and failure mode

protections were demonstrated.

Assumptions

The Orbiter power system specifications, as amended by the MDAC cdeveloped PEF
specifications were assumed as target gonals., The power regulator requirements
ar~ listed in Table 2.7-1.

Approach
Several regulator configurations were initially studied. These included:

A. Transformer coupled DC to DC converter.
B. Resonant regulator.

C. Buck regulator.

The transformer design approach employs a transistor switch in series with the
primary of the transformer and a rectifier and filter in tne secondary. Good
isolation of input and output can be achieved. The transformer core and
winding IZR lnsses produce cousiderable heating and also represgent potentially

lower efficiency performance. Since the Orbiter's cooling capacity is limited,
this drsign approach was not pursued.

The recsonant design approach 1s potentially more efficient since switching is
done as voltage swings through zero, giving low switching losses. A gseries

mMcoonNELe nowu‘%.
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Table 2.7-1. PEP Power Regulator Design Requirements

Rated input voltage, vin 111 volts
Maximum input voltage, V 239 volts
Rated output voltage, V m 33 volts
Voltage regulaticn (at grbiter 32.5 to 32.7 volts nominal

main bus)

Maximum output voltage ripple 0.1 volts peak to peak

Rated ou.put current, I 146 amperes
e]

Rated output power, V 1 4.8 kilowatts
(<]

Efficiency at rated V

in* Vo @nd I 90%

Vaximum output current, I 160 amperes
14

Maximum output power, Vo x I 5.3 kilowatts

m

Loss of remote voltage sensing Revert to internal reference and
circuit operate at lower output vol-

tage

Peak power tracking Track solar array peak power point
within 2% for output currents less
than regulator current limit set

point
Electromagnetic interference (EMI) Meet Orbiter specifications
Heat rejection To coldplate at TBD °C

resonant tank is employed and circulating currents are higher than in other
types. izR losses in the required inductor produce poorer efficiency and addi-
tional heating. kesonant regulators present a complex design challenge and did
not produce sufficient system advantages to warrant development for use on
PEP.

The buck regulator design approach, which was selected, appeared to provide
potentially good efficiency, reasonably straightforward design, and good con-
trol stability. It employs a transistor switch preceeding an inductor-
capacitor filter, When the switch is oft', the current is maintained in the
inductor by a commutating diode. Large transform ratios are easily accommo-
dated by pulse width modulation. A block diagram of this approach is shown in
Figure 2.7-1.
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SUPPLIES SENSE

Figure 2.7-1. Buck Regulator Block Diagram (U)

Standard switching transient protection circuits protect the regulator
switching transistor from much of the switching transient losses by absorbing
the switching energy in storage elements and dissipating this energy in a
resistor. A "low-loss" design became available later and will be considered

for use in flight units to increase overall system efficiency.

A blocking oscillator drive was selected for low power and maximum pulse width
limiting features.

Results

A pair of 2.5 kw regulators along with microp. cessor control were developed
and tested under company funds to support this study and the EPDC tests. The
efficiency curves with various input voltages are given in Figure 2.7-2. Good
transient behavior and regulation were achieved over the load range from 0 to
13¢%. Overvoltage and fusing protection for internal failures are provided,
and any one of the three parallel channels per regulator may fail with no loss
of output capability.
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PEP SINGLE SUPPLY
REGULATOR EFFICIENCY 6-11-79

DESIGN GOAL

EFFICIENCY IN %

L 200V INPUT = e wmnem
0 | 1 L
0 "W &KW KW 4KW
OUTPUT POWER

Figure 27-2 EPDC Test legulator Performance

Voltage regulation of 10 millivolts over input variations from 100V to 240V
and output load from 2 to 100 Amps for each supply was achieved.

2.7.2 Regulator Failure Modes and Effects
Objectives

To identify representative failure modes and corrective action and to assess

resulting regulator performance and effects cn system operation.

Conclusions and Recommendations
All identified failure modes result in either fail operational or fail safe
conditions, primarily fail operational. Emphasis was placed on analyzing

failures leading to bus overvoltage.

Protection against overvoltage is effectively provided by either fuses or
compensating circuitry in the regulator, with external shunt regulators pro-
viding backup protection. The capability of fuses to limit overvoltage

resulting from a shorted power switching transistor was analyzed using the

SPICE transient analysis computer program. This analysis shows that fuse blow-
ing occurs fast enough to limit output voltage rise to within the overvoltage

envelope allowed by the Orbiter specification (Rockwell document MFO0004-002).
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Control circuit failures which drive the power switching transistor to maximum
duty cycle and produce bus covervoltage are transparent to the fuse system of
protection unless a secondary failure (power transistor short) results. Active
protection circuits within the regulator provide the required protection for a
control fajilure that does not lead to a transistor short.

A potential problem was identified involving fuses in the ouiput filter capac-
itor circuits. For a short circuit on the regulator output, the fuses blow and
effectively remove the capacitors from the filter circuit. If the regulator
remains on line after the short is cleared, output waveform will be poor.
Further analysis and testing is required to determine regulator status
following the short and to provide an alternate fuse location if needed.

Additional analysis also is recommended to evaluute tradeoffs in flight regu-
lator design. Examples are (a) input capacitor size to meet filter require-
ments versus capacitor-stored energy required to blow fuses for single part
failures (fail operational design), and (b) benefits of fusing for single part

failures versus fuse Tan losses and resulting lower regulator efficiency.

Assumptions
A. Regulator circuit model is based on MDAC breadboard regulator devel-

oped for PEP simulation and evaluation tests at JSC.

B. Solar array equivalent, circuit is derived from I-V curve for minimum
operating temperature /maximum array voltage).

C. Fuel cell equivalent circuit is derived from an I-V curve with 34
volts at no-load. The PEP study groundrules limit the maximum steady state
voltage at the load buses to 33 volts.

D. Shunt regulator is not included in equivalent circuits (worst case
assumption).

E. Bus loads are not included in simulation (worst case assumption).

F. Regulator remote sensing/control dynamics are not simulated (worst
case assumption).

G. Regulator capacitor ESR values are assumed to be 50% of supplier guar-
anteed maximum ESR.

Approach
The study was preliminary in nature, focusing mainly on failure modes which

produce overvoltages on the Orbiter buses. Study results are considered con-
servative as evidenced by the parameter values and input/output conditions

40
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assumed in constructing the analytical model. The mocel used for evaluation is
indicated in Figure 2.7-3. Representative failure modes for the model were
identified and resulting failure effects assessed qualitatively. The model was
then analyzed quantitatively for selected failure modes using the SPICE tran-

sient analysis computer program.

For failures producing excessive or marginal bus overvoltage, the output
capacitors of a second regulator in parallel with the first (and required to
fully simulate che PEP regulator configuration) were added to the SPICE model.
The additional capacitance is effective in reducing bus overvoltage. Fuse melt
and clear calculations were coordinated with the fuse supplier (Bussman - FBP

fuses). Cold resistance values were used in the analysis.

A split inductor incorporated in the MDAC breadboard (and the SPICE equivalent
circuit) eliminates the possibility of fully shorting the inductor. Such a

failure would resuic in prohibitively high instantaneous buc overvoltage.

Results
The qualitative assessment of failure modes and effects is summarized in Table
2.7-2. In general, failures are only listed for components in the upper stage

of Figure 2.7-3. Identical failures in the other two stages have the same
failure effects.

at L L2
p——0
F? 38%:H BuH F10
50A ct k iRma 332mQ S0A ca
INPUT 278mQ  4iKutdTE ol c o X 01 30Kufd
(SOLAR 14.5m0 (PWM) 2.6mQ OUTPUT
ARRAY) (LOAD) BUS
AND FCP
F1
50A Fe
2.76mQ 221m0
o~ g —8- 0
02 L3 e F11
ﬁ b
F8 | ‘g 2; S I
c2 .[ %X 02 cs
i a3 s L6 712
F9 | zg;g, - |
c3 X 03 cs
F3 Fé
Figure 2,7-3. FMEA Circuit Model
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Table 2.7-2. Failure Modes and Effects Analysis (FMEA) Summary

Two Regulators in Parallel Supplying load Bus
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Item Component Failure
No. or circuit mode Failure effect :
1 C1-input Open Loss of 1/3 uf input filter--increase L
’ capacitor in switching noise on array, but within
G specification limits
3 2 C1-input Short Fuse F1 blous.
capacitor
3 Cl-output Open Loss of 1/3 of output filter capaci-
capacitor tance. Regulator performance remains
within specification limits; output
ripple increases.
y Cl-output Short Fuse Fli blows. Same effect as Item 3.
capacitor
5 Li-filter Open Loss of one power stage--duty cycle on
inducter remaining stages increase--no loss of
output power,
6 Li-filter Short Faulted stage tends to supply a
inductor greater share of bus load--output
ripple increases but remains within
specification limits.
T D1-commu- Open Loss of commutating path for affected
tating diode stage leads to failure (short) of power
transistor. Same effects as Item 10.
8 D 1-commu- Short Fuse F1 should clear fault. Same
tating diode effects as Items 1 and 7
9 Q1-power Open (no Loss of one power stage--remaining
transistor turn on) stages capable of supplying regulator
rated load.
10 Q1-power Short Fuse F10 blows.
transistor
1 F7 input fuse Open Loss of one complete stage--remaining
stages can supply regulator rated load.
12 Driver input Drives to Loss of complete regulator.
to Q1, Q2, Q3 maximum duty
cycle.
13 Driver input Fails off Loss of complete regulator.
to Q1, Q2, Q3
14 External Short on Loss of both regulators (fail safe).
fault output
15 Remote Open No interruption in service.
sensing leads
16 Remote Short No interruption in service.

sensing leads

-
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All items in the table with the exception of 14 result in fail-operational

conditions.

A summary of failure modes and operational characteristics is given in Table

2. 7-3.

Table 2.7-3. Voltage Regulator Safety Features
Failure mode Corrective action Operational status
Overvoltage!

Power transistor
shorts

Control drives to
maximum duty cycle

Remote sensing leads
short

Overcurrent

Output short
circuited

Overload

Control fails off

Remote sensing
circui. opens

Fuse blows

Protection circuits isolate
faulted regulator from bus

Fuse blows in sensing
circuit. Revert to internal

reference and operate at
lower output voltage

Fuses blow

Protection circuits limit
output current until
overload clears

Output power goes to zero

Revert to internal refer-
ence and operate at
lower output voltage

Fail

Fail

Fail

Fail

Fail

Fail
Fail

operational
operational?2

operational

safe

operational

operational?
operational

1Main bus voltage does not exceed 33V limit used as study baseline,

2Paralleled fuel cell power output increases to make up for loss of

faulted regulator.
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2.8 STRUCTURAL DESIGN CRITERIA
Ob jective

The objective of this analysis is to define a solar array mast design criteria
including a compliant structure concept needed to reduce solar array mast and
RMS load response to Orbiter PRCS and VRCS firing.

Conclusions and Recommendations

The following conclusions are based on the dynamics analysis described herein.
The major trade in this analysis involves interactions between mast root
moment , Orbiter maneuver rate change and wing compliance frequency.

e A preliminary design value of 200 ft/1lb ultimate load is recommeunded
for the mast design criteria.

e Compliance structure should be included at the root of the array mast
to reduce mast and RMS loads to an acceptable level. The compliance should be
about two axes; perpendicular to the array and transverse to the array. A wing
first cantilever frequency of 0.02 Hz about both axes is recommended.

o The preliminary baseline solar array blanket tension recommended is 22
pounds and gives adequate margin against mast/blanket collision.

o Since adequate system damping (Sections 2.14 and 2.18), may inherently
exist in the PEP structure and RMS (particularly the joints), no damper was
included in the baseline design. If additional damping is required, possible
approaches are: including a damping mechanism with the compliance structure at
the array mast root, utilizing mast and array blanket designs with built-in
damping properties, using the PEP gimbal controller for active damping and
adding a viscous-mass damper to the PEP wings. This latter approach was ana-
lyzed. The damper was mounted on the wing box cover (outer end of the array)
and can meet the one percent-of-critical preliminary damping ratio requirement
(Sections 2.14 and 2.18) with a 5~ to 10-pound total damper weight for both
wings.

The following recommendations are made for use in future work:

e The VRCS should be used for nominal limit cycle operations with the
deployed PEP when plume impingement occurs,

e Either the PRCS or VRCS may be used for limit cycle operation when no
significant plume impingement occurs.

e The VRCS thrusters may be held on indefinitely (except in roll as

44
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described below) when the array is not in the plume. Thus, large maneuver
rates are possible with the VRCS. For a full-on VRCS roll maneuver, the PEP
c.g. must be less than U0 feet from the Orbiter centerline or the array longi-

li‘ t.va’

tudinal axis must not be close to perpendicular to the Orbiter roll axis.

¢ When no significant plume impingement occurs, PRCS maneuver rate maxi-
mums of 0.15 to 0.35 deg/sec are recommended when the array longitudinal axis
parallels the plunge motion (no translation compliance). Rates up to one
degree are possible when the plunge motion is perpendicular to the array lon-
gitudinal axis.

o When significant plume impingement occurs, maneuver or limit cycle
rates should be limited to 0.03 to 0.04 deg/sec. This can only be achieved
with the VRCS because of the large PRCS minimum impulse bit.

e The preliwiinary analysis presented herein should be repeated with a
more complex dynamic model. The model should include detailed modeling of RMS
mounting flexibility, RMS flexibility and non-linear characteristics and a
detailed PEP model. The number of cases considered should be expanded to
verify worst case conditions have been identified.

¢ More detailed plume impingement analysis is required to define optimum
RMS/PEP positions and solar array orientations as a function of Orbiter orien-
tation. Further analysis must consider Orbiter orientation and maneuver

requirements in detail.

Approach/Discussion

Figure 2.8-~1 defines three typical RMS/PEP positions. The solar array rotates
about the PEP Alpha and Beta gimbal axes from the positions shown. Additional
variation is possible by altering the RMS joint angles while maintaining the
end effector wrist roll axis constant relative to the Orbit-r., The typical
Orbiter orientation relative to the orbit plane, used with each RMS/PEP posi-
tion is noted. Positions 2 and 3 receive significant plume impingement from
the aft thrusters and all three pusitions can be in the plume of the forward

thrusters.

The simple model shown in Figure 2,.8-2 was used to define the PEP mast root
loads and RMS joint loads. The RS joint loads were calculated by transforming

the force (Fe) and moment (Mc) at the PEP center of gravity to the appropriate
RMS joint position. The wing compliance modeled as a clockspring (K) at the

$
* o
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NOTE:

SOLAR ARRAY ROTATES
ABOUT THE a AND 3 AXES
FROM THESE POSITIONS
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TYPICAL ORBITER ORIENTATION
1 FORWARD X-rOr
2 LEFT Y- POP
2 LEFT AND BELOW Z-PoP
Figure 2.8-1. Typical PEP/RMS Positions
0. My 0. M, 6, M,
4 4
‘/L WING 1 @K é K WING 2
m, | M, m, |
| L - ! L —]
M = 10.8SLUG (158 Kg)
m = 15.8SLUG (232Kg)
)= 18SLUG - F2 (24.4 Kg-MD)
| = 25,100 SLUG-FT (35,000 Kg-M2)
L = S4.1FT(16.5M)
L = L5FT0.4M
K = 0+ mt9 o’ WHERE w I'S THE COMPLIANCE
FREQUENCY (RAD/SEC)

Figure 2.8-2. PEF Dynamic Model
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root of each wing represents mast compliance and/or blanket compliance and/or
a compliance spring specifically mounted at the mast root. This same model was
used for dynamics both in and perpendicular to the solar array plane. The
position (XQ) and rotation (ec) of the PEP center of gravity were calculated
as a function of Orbiter rotation for each of the configurations shown in
Figure 2.8-1. Mast root moment and RMS joint loads were calculated for a pitch
maneuver for RMS/PEP Pcsitions 1 and 3 and a yaw maneuver for Position 2,
These mancuvers were analysed since they represent the longest lever arms for
PEP plunge motion for each configuration and included a potential for plume
impingement loads in addition to inertia loads. Thus, they are expected to be
worst case. The compliance of the RMS was calculated based on a 0.3 Hz
no-payload cantilever frequeney.1

The plume impingement forces and moments were calculated for RMS/PEP Positions
2 and 3. They were applied to the model (Figure 2.8-2) as "Fy" and “M1“ and
the corresponding mast root moment and RMS joint moments determined. Since
Orbiter angular rate increment is proportional to thruster impulse, as is
plume impingement impulse, plume impingement impulse is proportional to angu-
lar rate increment. It should be noted, also, that since the PRCS and VRCS
thrusters are similar, the impingement nressures are proportional to thrust
and so impingement impulse pe: incremental Orbiter rate is the for the
PRCS and VRCS. The PRCS . inimum impulse bit is much larger, however,

Since PEP center of gravity linear motion (ch. rotational motion (ec) and

plume impingement force and moment (F1 and M1) are assumed to be linear func-

tions ot Orbiter rotation, the mast root torques and RMS joint torques can

easily be calculated for the single input disturbance, Orbiter rotation. ‘

Loads were calculated based on impulse rather than acceleration since RMS and
PEP wing compliance was included. If the disturbance durations are short rela-
tive to the compliance oscillation periods of interest, the loads are linear
functions of disturbance impulse. This conservative assumption was made and is
implicit in the results unless otherwise stated.

1
McDonnell Dcuglas Report MDC G7555 (Vol. 2), "Orbital Service Module Systems

Analysis Study Documentation, Technical Supporting Data," Paragraph 2.1.6,
dated December 1978.

ey

47

MCOONNELL pounlt%

L .
.. * ™Yy
5o g Bor 4w
s -(.'l £3

o ¥ R



Preliminary solar array blanket tension was defined using a detailed dynamic
Orbiter/RMS/PEP modelz. The specific model was of the offset, single blanket
with the PEP positioned similar to the Position 3 defined herein in Figure
2.8-1. A compliance spring mounted at each mast root with a rigid wing canti-
lever frequency of 0.02 Hz was utilized based on preliminary calculations. The
blanket tension selection was based on relative blankei/mast deflection
resulting from an Orbiter roll maneuver and the plume impingement load associ-
ated with a pitcn maneuver. Mast root loads and RMS joint loads were also cal-

culated Sor these ceses for varicus blanket tensions.

As noted in Sections 2.14 and 2.18, some system deuping is desirable to dissi-
rate disturbance-induced energy in the PEP. The structural damping will be
hard to define and is expected to be quite low so damping may have to be de-
sigred in. If a high compliance structure ot the mast root is used, a damper
may be mounted along with the compliancé structure to act against the compli-
ance motion. An alternate approach would be to place a viscous-spring- mass
damper somewhere on the solar array wing. The damping potential for this con-
cept was analyzed with the model shown in Figure 2.8-3.

Results

The rigid body linear displacements of the PEP center of gravity (c.g.) are
shown in Figure 2.8-U4 for small roll, pitch, and yaw Orbiter rotations for the
three RMS/PEP positions in Figure 2.8-1. Using the model defined in Figure
2.8-2, the 12 transfer functions in which apply to the array compliance axes
were derived (Table 2.8-1). The maximum value of the impulse response for each
transfer function was calculated (excluding the initial value if non-zero) and
is also shown in Table 2.8-1. The magnitudes are shown as a function of the
wing cantilever frequency (f). These transfer fuactions apply to both in and
out of the solar array plane motions. They do not apply to motions along the
PEP longitudinal axis or to rotations about that axis. The transfer functions
used for these lonngitudinal axis motions were based on an RMS cantilever
frequency of 0.15 Hz and are also shown in Table 2.8-1. The 0.15 Hz RMS
frequency was derived by mounting a 42 slug (614 Kg) point mass (mass of PEP)
on an extended RMS with an unloaded cantilever frequency of 0.3 Hz.3 A point

2'3Ibid.
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Table 2.8-1. PEP load Transfer Functions

- Input diasturbauce
Load Aic(ft/sec) Aéc{aeg/sec) F.at(1b/sec) M 4t(ft-1b/sec)

Fc(lb) -125¢ 0 Lf 0.075¢ PEP wing
- _ _al - compliance

Mc(ft 1b) 0 16 , koot 340f 6.5¢ frequency
T (£6-1b 5,3502  =8,000¢ ~335¢ 6.3¢ £ {Hz)
Fc(lb) Lo - RMS compliance {0.15 Hz)

for PEP longitudinal

translation
MC(ft—lb) - 367 RMS compliance (0.15 Hz)

for rotsation about PET
longitudinal axis

Nomenclature

8Xc - Translation rate change at PEP center of gravity (cg)
Rotational rate change at PEP cg

Plume force impulse at wing 1 cg

Plume momant impulse gbout wing 1 cg

Force at PEP cg

Moment about c¢g

Mast root moment (wing 1)

=]

BEAFRTS
«Q

[ N D I I |

mass was used because it was assumed thst the PEP rotational compliance was
much higher than the RMS rotational complisnce {about the two large moment of
inertia axes) and that the small PEP longitudinal axis moment of inertia had
little effoct on the RMS/PEP cantilever frequeacy. By using the translation
data in Figur= 2.8-4 with the transfer functions in Table 2.8-1, the app..ied
force and momenu at the PEP <.g. and the mast root moment were calculated for
an arbitrary Orbitor rate change.

The force and moment at the wing c.g. are used for calculating the response to
plume impingement. Figure 2.8-5 defines the steady-state VRCS plume force on
the solar array as a function of distance from the thruster for the conditions
noted. Figwr - =6 defines steady state mast root moment for variations on
RMS/PEP Positiua 2 for the array perpendicular to the thruster centerline (8 =
90 degrees) ond canted 45 degrees (8 = 45 degrees). Since the impact pressure
on the array goes as the square of the sine of the angle of incidence, a
45-degree cant reduces the load in halt. This dynamic load is attevnuated rela-
tive to the steady-state load by the shorl’ thruster firing time in conjunction
with the wing compliance.
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Figure 2.8-7 corresponds to RMS/PEP Position 3 (Figure 2.8-1). The effects of
tilting the array about a transverse and Beta axes are shown. The 10-degree
transverse axis tilt increases the distance between the aft jet and the array
by 10 to 17 feet (nominal of 38 feet) depending on the RMS shoulder yaw posi-
tion. As noted above, the load is attenuated by shori thruster firing time in
conjunction with the wing compliance.

Based on the above impingement data, the maximum steady state aft VRCS plume
impingement forces and moments at the wing c.g. are:

RMS/PEP position Force (F1)_ Homent (“12
-6.4 1b (-Y) 90 ft-1b (»2)
3 =7.4 1b (+2) 300 ft-1b (+Y)

The PRCS forces and moments are about 36 times larger since the impact pres-
sure scales with the thrust. Plume loads were not calculated for the forward
thrusters since it was assumed that the effects are similar or less severe
than f the aft thrusters., The aft VRCS maximum plume loading for RMS/PEP

—
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ngus UPPER ARM DOWN l /r
L ]
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Figure 2.8-7. VRCS Plume Load, RMS Position 3 (Z-POP, YLV)
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Position 1 is small. The aft PRCS plume loads result in a maximum steady state
force and moment at the wing c.g. of about 3.2 1b and 62 ft-1lb, respectively.

Since the aft VRCS and PRCS thrusters have about the same lever arms from the
Orbiter c.g., the thruster impulse for a given rate change is the same for the
PRCS and VRCS. Likewise with the plume impingement impulse. Tnerefore, the
plume inmpingement impulse is proportional to Orbiter rate change and independ-
ent of the thrust level. The impingement impulse per Orbiter rate change can
be summarized as follows:

RMS/PEP position Force impulse (I-‘1 At) Moment impul se (M1 At)
(1b-sec/deg/sec) (ft-1lb-sec/deg/ sec)
-490 6900
-460 19,000

Using the data described above, the force and moment at the PEP c.g. and the
mast root isoment can be defined ‘or a given Orbiter rate change including
plume impingement effects. One conservatism should be kept in mind, however.
The impulse response calculation assumes that the Orbiter rate change takes
place over a short time relative to the period of the compliance resonances
being considered. If the acceleration occurs over a quarter of the compliance
period, the short duration pulse assumption irs conservative by about 11 per-
cent. This corresponds to 1.7 seconds firing time for the RMS compliance
frequency of 0.15 Hz and 1/(4f) seconds for an "f" Hz wing compliance
frequency. Corresponding rate changes are shown in Table 2.8-2.

The data described above defines the maximum force and moment at PEP c.g. and
the maximum mast root moment for a given Orbiter rate change. The RMS joint
torques are calculated from the PEP c.g. force and moment and the appropriate
lever armr.

-y ey

The loads are proportional to Orbiter rate change and a function of the wing L
compliance frequency. Assuming a meximum allowable loal defines a region of

allowable Orbiter rate changes and wing compliance frequencies, Flgures 2,.8-8,
-9 and -10 define these regions for the three RMS/PEP positions ani the condi

v s il

tions noted. The maximum loads assumed are ultimate loads. The RMS joint load
limits are minimum brake-slip loads and the 200 ft-1b mast root load limit is

I
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Table 2,8-2.

Rate Changes for One-Quarter Compliance-Period Firing

Compliance frequency (Hz)

Thrusters 0.01 0.1 0.15
PRCS (two aft thrusters)
Roll 30 3
Pitch 15 1.5
Yaw 15 1.5
VRCS
Roll (two thrusters)®* 0.50 0.050 0.033
Pitch (two aft thrusters) 0.43 0.043 0.029
Yaw (one aft thruster) 0.22 0.022 0.015
¥One forward, one aft a
Note: rates are in deg/sec
o vV i
]
ARRAY
p ALONG
Y-AXIS

MAXIMUM ALLOWABLE PITCH RATE CHANGE (DEG/SEC)

ORBIT|PLANE

I

A 2

~
o N R 1:;1

0.01 0.02 0.04 0.1

WING COMPLIANCE FREQUENCY
{H2)

NOTES:
® 0.15 Hz RMS/PEP CANTILEVER FREQUENCY
o PITCH MANEUVER
e VERY CONSERVATIVE FOR VRCS
o AFT THRUSTORS ONLY
CURVE
1) MAST ROOT MOMENT = 200 FT-LP
2) RMS WRIST PITCH MOMENT = 20C FT-LB
3) AMS ELBOW PITCH MOMENT = 410 FT-LB
4) RMS SHOULDER PITCH MOMENT = 696 FT-LB

——————  ARRAY ALONG Y-AXIS
o ame esse ARRAY ALONG 2-AXIS

Figure 2.8-8. PEP Complisncs Frequency Versus Pitch Rate Change, PEP/RMS Prsition 1
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~igure 2.8-9. PEP Compliance Frequency Versus Yaw Rate Change, RMS/PEP Position 2

the preliminary design load and includes a blanket tension bias load of 33
ft-1b (22-1b blanket tension). Selecting a mast ultimate load capability of
200 ft-1b results in rate change constraints imposed by the mast being similar
to those imposed by the RMS wrist joints which are 200 ft-1b. The rate changes
on Figures 2.8-8 through -10 scale proportionally to the allowable loads
assumed except for m. .t root moment which has a bias of 33 ft-1b due to the
blanket tension of 22 1b. Thus, the mast-root-moment rate changes scale pro-

portionally with the assumed load minus 33 ft-1b rather than with the assumed
load.

Note that the data on Figures 2.8-8 thrcugh 2.8-10 become more conservative as
the firing time required to achieve the rate increases. These curves are very
conservative for the VRCS except for the plum= impingement data where the rate
changes are small. Table 2.8-2 defines the rate changes that result in about
% 11 percent conservatism (firing time of 1/4 of a compliance oscillation

perisd).
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Figure 2.8-10. PEP Compliance Frequency Versus Pitch Rate Changs, RMS/PEP Position 3

The constraints which apply to the VRCS are primarily due to plume impingement
effects (Figures 2.8-9 and -10). The mast root and RMS joint inertia loads
associated with the VRCS are acceptable when continuously firing except for
roll maneuvers with the PEP 2.g. over 40 feet from the Orbiter X-axis and the
Solar array oriented perpendicular to the Orbiter X-axis. As discussed in
Paragraph 2.18, the VRCS pitch and yaw limit cycle rates expected are +0.006
deg/sec or rate changes of 0.012 deg/sec. With the array in the plume, some
wing compliance is required to maintain the mast root moment under 200 ft-1b
during VRCS limit cycle (Figures 2.8-9 and -10). For RMS/PEP Position 3, the
wing compliance frequency must be less than 0.05 Hz. Since large uncertainties
are likely regarding plume impingement effects, at least a factor of two mar-
gin is desirable. Based on this thinking, a preliminary design wing compliance

frequency of 0.02 Hz was chosen. This compliance applies to motion perpendicu-
lar to the array plane.
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The PRCS maximum pitch and yaw limit cycle rates described in Paragraph 2.18
were +0.06 deg/sec or rate changes of 0.12 deg/sec. Figures 2.8-9 and -10 show
that wing compliance frequencies below 0.01 Hz would be required to reduce
loads to acceptable values for these PRCS limit cycle conditions when plume
impingement occurs. Thus,PRCS limit cycle with plume impingement is not
allowed by the baseline wing compliance frequency of 0.02 Hz.

Maneuver rate limitations can also be determined from Figures 2.8-8 through
~10. When plume impingement is significant, maneuver rate changes must be less
than 0.03-0.04 deg/sec for the baseline wing compliance. Feathering the array
to the plume using the Beta gimbal could be used to reduce plume loads
significantly for maneuvers. Also, tiltiﬁg the array as shown in Figure 2.8-7
can reduce load somewhat. When plume loads are not significant, allowable
naneuver rate changes are much greater (typically over 0.25 deg/sec).

The maneuver rate limitations sre a strong function of array orientation rela-
tive to the maneuver axis. When the array longitudinal axis is along the
maneuver axis, the wing compliance concept allows for load reduction to both
pluge and rotational motions. The wing compliance concept does not include
compliance for plunge motion along the array longitudinal axis. The RMS 0.15
Hz cantilever frequency assumption provides the only compliance for the
baseline configuration for longitudinal plunge. The allowable maneuver rate is
a function of wing compliance, however, because most bending moments do con-
tain a component due to rotation which is a function of the wing compliance
(Curve 4, Figure 2.8-10 is an exception).

As discussed above, plume effects require significant wing compliance for
motion out of the array plane. Figures 2,8-8 through -10 show that significant
wing compliance is also necessary to allow maneuver rates using the PRCS above
0.08 to 0.1 deg/sec. This requiremznt applies to wing deflections in the array
plane as well as out of the array plane as required by plume considerations.
Thus, wing compliance both along the array transverse axis and perpendicular
to the array were included in the baseline. The perpendicular axis compliance
frequency was preliminarily chosen the same as the transverse axis (0.02 Hz)
80 that out of plume maneuver capability would be irder:zndent of orbit Beta
angle (Beta gimbal angle position). Also, it can be noted that the allowable
rate change begins to decrease rapidly for wing compliance frequencies above
0.02 Hz.
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Since the allowable maneuver rates with the array perpendicular to the maneu-
ver axis may be lower than required (Spacelab II requires a 0.25 deg/sec pitch
maneuver), RMS/PEP position and array orientation constraints may be required

for certain maneuvers. This is quite feasible since many RMS degrees of
freedom allow wide variations on the three RMS/PEP positions discussed here,
Mission specific analysis will be required to define operating procedures for

each mission,

Adding an additional compliance along the array longitudinal axis would reduce
the load sensitivities to the array orientation/maneuver axis relationship.
Mechanizing this type of compliance appears more complex than the wing compli
ances modeled for this analysis. Therefore, since no clear requirement was
seen for this general maneuver capability, longitudinal compliance was not
included in the baseline.

The wing compliance discussed above can result from many places including
array mast flexibility, array blanket flexibility on a specifically included
compliance structure at the root of the mast. The strength requirement for the
mast (200 ft-1b) forced the mast stiffness up to a value which precluded wing
cantilever frequencies near the 0.02 Hz requirement.

The baseline array is a single blanket per wing, clearing the mast by 13
inches. Dynamic clearance between the blanket and the mast was analyzed and
the results shown as o function of blanket tension on Figure 2.8-11. This data
was generated with the detailed finite element model defined in the
Reference.u The RMS/PEP position analyzed was similar to Position 3 defined
herein., The plume load clearances were determined with the array rotated under
an aft VRCS thruster and the inertia loading with the array along the Crbiter
Y-axis. A preliminary blanket tension of 22 pounds was chosen to provide a
factor of two clearance margin. A blanket frequency of 0.088 Hz resulted which
is higher than the desired 0.02 Hz wing compliance previously discussed. Since
neither the mast or the blanket could provide the needed wing compliance, it
was decided to baseline the compliance at the root of the mast.

A comparison of the loads generateu by the model shown in Figure 2.8-2 used in
this analysis and the more detailed model described in the Reference5 showed
the simpler model used here to be conservative. The case compared was 0.25
deg/sec roll maneuver with RMS/PEP Position 3 and the array along the Orbiter

Ibid
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Figure 2.8-11 Higher Blanket Tension Increases Blanket/Mast Dynamic Clearance

Y-axis. Two blanket tensions were analyzed with the finite element model of
the Ret"erence.6 The results are:

Reference7 model

Model from blanket tension
Load Figure 2.8-2 22 1b 10 1b
Mast root moment (ft-1b) 87 70 48
RMS wrist pitch moment (ft-1b) 145 100 83

The additional flexibility in the detail model relative tto the simple rigid-
wing model results in the lower loads.

Sections 2.14 and 2.18 identify a requirement for mechanical damping of the
compliance structure modes. Since the damping requirement may be as low as one

percent of critical, a viscous-spring-mass damper module mounted at the outer

6'7Ib:l.d

MCDONNELL DOUOI—C%

e : - L TIT T e —

59




end of the mast was considered. Figure 2.8-3 shows the analysis model. The
system damping was evaluated for various damper system parameter values. The
main consideration was weight since the damping system represents added mass
to the system. Table 2.8-3 contains the results. The optimum damping system
(maximum system damping for a given damper weight) was not defined, but it is
clear that system damping well in excess of one percent of critical is possi-
ble with small damper mass values relative to the total wing weight of 509

pounds.
Table 2.8-3. System Damping With Mass Damper
System damping (percent of critical)
Damper -
Ry . 100% damping Damper frequeacy (Hz)

m ratio 0.01 0.015 0.02 0.04
0.2 0.23 0.75 1.9+ 0.06

C.5 0.7 0.47 0.57 0.50 1.1
1.5 0.37 0.30 0.23 0.09

0.2 0.47 1.5 4.0+ 1.0

1 0.7 0.95 1.1 0.98 0.22
1.5 0.7k 0.59 0.45 0.18

0.2 0.93 2.8 6.3+ 0.19

2 0.7 1.9 2.3 1.9 0.L0
1.5 1.5 1.1 0.87 0.34

0.2 2.3 6.3+ 6.2 0.35

5 0.7 4.8 5.6 4.2 0.80
1.5 3.5 2.6 1.9 0.73

0.2 4.3 10 5.4 0.6

10 0.7 9.9 11+ 6.6 1.2

1.5 6.2 4,1 3.2 1.1

0.2 8.0 8.9 4.3 0.05

20 0.7 21+ 16 8.0 1.4

1.5 10 6.6 L.6 1.5

*Ratio of damper mass to wing mass in percent

+Maximun values

Notes: 0.02 Hz wing compliance frequency
Based on model on Figure 2.8-3
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2.9 PEP GIMBAL DEFINITION

Ob jective

The objective of this task is to define the gimbal mechanism required for PEP
to a level suitable for concept validation and specification preparation.

Conclusions and Recommendations
Based on the PEP reference design for the ADA, the available envelope for the
two-axis gimbal assembly is adequate to provide the required functions. 0

The critical design development element within the gimbal assembly is the
mechanism used to transfer the high current power circuits together with the
sensitive low power instrumentation and control circuits across the continu-
ously rotating Alpha axis joint. Although the technology exists to solve this
design problem it will require development testing of specific designs to dem-
onstrate function and reliability of this element. The first phase of this
development is underway as part of RTOP 906-51. It is recommended that this
effort be continued as a pre-ATP development item.

Approacl,
Using the reference configuration for PEP the gimbal assembly requirements

were derived. These requirements established envelope, axis relative location,
torque, rate, nuiber of power and signal conductors, current levels, voltage
levels, voltage drop across the slip rings, drive power limits, travel, etc.
From these requirements a preliminary specification has been prepared which
can easily be converted into the final procurement specification. In addition,
a conceptual layout was done primarily to evaluate mechanism sizes, gear
ratios and envelope restrictions.

Results

Figure 2.9-1 illustrates the relationship between the RMS, power cable, gimbal
assembly, and ADA structure. The gimbal assembly Alpha axis rotor is equipped
with a standsrd design grapple fixture which interfaces with the SPEE. The
power cable connector is fixed to the external surface of the SPEE and after
the mechanical hookup between the grapple fixture and the SPEE is made, the
electromechanical actuator which is attached to the gimbal assembly engages
the power cable electrical connectors.
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Figure 2.9-1. RMS Power Cable and Gimbal Schematic

Figure 2.9-2 illustrates the conceptual layout which was produced to explore
the drive concept and envelope restriction. The design uses a unique planetary
friction drive system incorporating dual motors. Conventional slip rings and
brushes are shown for the electrical power transfer mechanism. Since this lay-
out was produced additional study has indicated that redundant drive motors
are probably not necessary. The ADA can be stowed in the Orbiter bay by the
RMS with the gimbal in any position within its limits of travel. Therefore, a
motor failure would not constitute a safety hazard or loss of the array. Addi-
tional work under RTOP-906-51 is exploring the use of an invention by Sperry
Flight Systems called Roll-Rings to replace conventional slip ring-brush
assemblies,

The preliminary specification for the PEP gimbal is contained in Appendix B.

The requirements for the performance of the Alpha and Beta drive systems are

identical except for travel. This will allow a common drive system to be used
on both axes. The stall torque minimum limit was based on retaining the abil-
ity of the gimbal to track during plume loads on the array combined with
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Figure 2.9-2. PEP Gimbal Concept

dynamic loads. The max!mum stall torque 1s specified to a level below the
bending strength of the mast. The rate is based on dynamic considerations of
tracking during an Orbiter maneuver and the potential of using gimbsl motion
to impart damping to array oscillations.

The weight of the gimbal assembly is specified as 40 pounds. This is based on

a target weight of the complete assembly including umbilinel actuator anc
grapple fixture of 73 pounds.

The slip ring assembly carries 12 wires (six circuits) for the solar array
power, These circuits are specified to carry 60 amps at a voltage from 90 to
240. The current level was derived from the power System analysis for the max-
imm current level expected. There are 24 wires for low power, instrumeniation
and control. These wires match the circuits of the RMS and SPEE.

The maximum voltage drop requirements were based on Sperry Flight Systems data
on Roll-Ring performance.

The envelo,e and electrical Schematic show three connectors with four pins
each for the power hookup. Further study into connector availability and har-
ness fabrication indicates that four smaller connectors with three pins each
would be more compatible with the power system diode assemblies.
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2.10 MAST AND CANTSTER PRELIMINARY DESIGN CRITERIA

Objective

The objective of this task was 10 assess array/mast deployment kiaematics,
operational and maneuver loads and PEP configuration concepts to develop
design criteria for preliminary sizing and concept selection for the array
wing mast and its relaoted stowage canister.

Conclusions

The analysis concluded that the mast and canister sizing used in the PE?
configurations is realistically representative for the deployment, maneuver
and Orbiter VRCS plume loads derived as a result of the dynamic analysis
reportec in Section 2.8. Agreement has been obtained irom two commercial
sources of stowable masts as to that cpinion. One commercial source presented
later advance material indicating that new concepts evolving for coilable
masts may yield substantially smaller canister diameters for the same strength
if lower bending stiffness is acceptable. Such concepts should be pursued in
the future, since lower mast stiffness results in lower natural frequency. and
the compliance requirement necessary within the wing canister central support
would be less and may be mire easily implemented. The mast for the reference
configuration requires a bending strength of 142 ft-1b limit, 200 ft-1b ulti-
mate, has a deployed length of 1450 inches, and is contaired In a canister 21
inches in diameter and 55.7 inches long.

Approach
The overall sizing of the mast is derived from the deployed geometry of the

sclar array blanket snd the blanket tensioning loads, maneuver loads and ACS
plume impingement loads on the blanket.

Blanket tensioning provides a continuous compression load, and due to its

eccentric location, a continuous bending moment on the mast. These load condi-

tions are sezlected in conjunction with the mast s:iffness to establish the

nominal steady state clearance between the blanket and the mast longerons (due

to mast bowing). This cleaarance is necessary to minimize impact of the blan-

ket with its solar cells against the mast as the result of dynamic flexv-e of

the blanket and the mast. The principal determination of mast bending strength -.
stems from the ACS piume loads on the blanket, in fact, for the worst case

conditioning plume loading was approximately 70 percent of the design loading.
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Variations irn . . .onfiguration3 such as the geometry resulting from the
rotating canister concept (the reference configuration) and from the fixed
canister configuration show approximately 10 percen!: variation in design
bending moment. Figure 2.10-1 compares the reference configuration with the
fixed canister concept first with the canister located with the same mast cen-
troid to Hlarket distance and second with the same mast ‘ongeron to b.anket

clearance.
G BLANKET G BLANKET
B rA A B
— S
ROTATING CANISTER " FIXED CANISTER
A MAST CENTROID TO BLANKET A
185 IN | [ 185IN | | 2268IN |
B MAST LONGERON 70 BLANKET CLEARANCE B
(NOT INCLUDING MAST BOWING) (GHm ] [ GBI ]
Mg MAST DESIGN BENDING MOMENT Mg
(ULTIMATE) | 2218-FT | | 221 LB-FT |
R MAST SIZE R
[ee6in | [ a19In
MAST AND CANISTER WEIGHT
[ ] [as ]

Figure 2.10-1. Fixed snd Rotating Canister Sizing

The general mast column loading which is due to blanket tensioning is rela-
tively low, approximately 22 pounds. The column load during the last few
inches of mast retraction or extension from the canister stems from the solar
array bex cover lockang (or unlocking) loads is approximately 140 pounds.
There is an associated bendir; moment which requires speciil treatucat of that
termiral portion of the mast to accommodate.

The Ceployment rate for the mast and blanket is keyed to accomplishing full
deployment in a 6-15 minute time range. In order to achieve this kind of
deployment time, the mast rates are too high to satisfactorily lock the box
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Table 2.10-1. PEP Mast Requirements

1. Type--Automatically deployed and retractable mast using open lattice
structure. The mast may be either a continuous longeron or an articulated
longeron.

2. Deployed length--1450 inches

3. Bending moment--143 ft 1lbs limit, 200 ft 1lbs ultimate

4, Compressive load--20 1b € full extension, 140 1b € 0 to 10 in. extension

5. Tension load--140 1b € 0 to 10 in. extension

6. Extension/retraction rate--Normal rate will be 4 inches/second. The rate
from 0 to 10 inches extension shall be 0.4 inch per second.

7. Canister nut drive--The canister drive shall be equipped with redundant 28
volt DC motors. Fxtensior and retraction shall be possible with either
motor inoperative. A two speed drive system shall be incorpcrated which
will allow shifting from the 0.4 to 4.0 inches per second by applying a
TBD volt/TBD amps signal to the gear box control. The maximum power to be
consumed by the drive system when operating at maximum rate or maximum
load shall be 100 watts.

8. Weight--The canister, drive sysetem and mast shall not exceed 132 pounds.

9. Life--The mast and associated mechanism shall have a useful life without
maintenance of 100 minimum extension/retraction cycles.

10. Altitude--The operation of the mast will be at sea level for test and
checkout and at an altitude of 400 nautical miles maximum.

Mast preliminary design

Canisters: Diameter~-21 inches, Length--55.7 inches

Mast: Diameter--18.96 inches, EI—64.23 x 106 1b in2

cover and provide acceptable canister rotation rates in the refierence

configuration concept of self rotating canisters. Therefore, a two soveed rate

technique is necessary and with approximately a 10:1 ratio of rates.

Redundant motors for the mast deployment/retraction are considered necessary.

Other implementations are acceptable; however, this study has conceived a con-

cept wherein the dual motors are used to provide the dual deployment rate (one

motor for low rate, both motors for high rate) as well as redundancy (either
motor provides low rate).
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Results
The results of this analysis are presented as dimensional characteristics of

PEP shown in configuration figures in Volume II and in Table 2.10-1, PEP Mast
Preliminary Design Requirements.

2.11 STRUCTURAL MODELING AND DYNAMIC ANALYSIS

Objective

The objective of this task was the analytical simulation of the PEP array
deployment assembly and the use of this simulation in a dynamic analysis to
obtain load factors. These were used to demonstrate that the design would
maintain its structural integrity when subjected to the transient environments
at liftoff and landing.

Conclusions and Recommendations
Comparisons of specification load factors from Table 4.2-2 of Volume 4, PEP
Environmental Specifications, and computed load factors indicate positive mar-

gins of safety, since computed load factors are generally well below
specification values. For the case of liftoff in the X ar” Z directions, the
computed load factors are nearly equal to the specification values. However,
because of the very conservative nature of the analysis which neglects
phasing, the actual load factors would be below the specification levels.

This load factor approach and the conclusions reached from this method are
applicable to prinary structure in the preliminary design phase. When the
array deployment assembly design becomes more definitive, a dynamic analysis
will be performed in which an expanded mathematical model of the array deploy-
ment assembly will be coupled to the Space Transportion System and structural
member loads will be obtained as a function of time.

Approach

The PEP array deployment assembly was dynamically modeled using the Nastran
Computer Program., NASTRAN (Version 48), which was used, is a finite element
computer program which is designed to analyze large complex structures for a
variety of structural problems. Matlizmatical models of structures may be con-
structed from the different finite e¢lements of the program and either static
or dynamic analysis performed on the model. Some analytical procedures in the
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program include: static response to applied loads, thermal expansion, and I
imposed deformations; dynamic response to time dependent loads, steady-state

sinusoidal loads, and random loads; computation of the natural modes of vitra- ° ;g
tion, The PEP was idealized as an assemblage of quadrilateral plates, triangu-
lar plates, and beam elements. A total of 180 gridpoints were used to define
the PEP geometry, and the final system totaled 334 degrees of freedom. Figures -
2.11-1, -2 and -3 present schematics of the mathematical model. Also,

definitions of the gridpoints, coordinate system, elements, material proper- N

ties and constraints are given in Tables 2.11-1 through -5,
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Figure 2.11-1. Perspective View of PEP Array Deployment Assem. |y Modet e

From the dynamic model, the first 17 constrained modes of vibration were com-
puted. These modes ranged in frequency of 5.65 to 49.54 Hz and are listed in
Table 2.11-7.

Shock spectra from a previjous analysis of the Shuttle transport/cradle system
with a 2320-1b baseline spacecraft were then used to define the individual s o

modal responses, These spectra which are shown on Figures 2.11-4 through -9
are envelopes of 10 liftoff and five 6 ft per sec landing conditions.

. 5
MCODONNELL ”UGLL@‘ )
et ‘e



y =
[ ‘

My ey

Figure 2.11-2. Front View (+x) of Array Deployment Assembly Model
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GRID POINT 12 CONSTRAINED IN z DIRECTION

GRID POINT 32 CONSTRAINED IN y DIRECTION

GRID POINT 82 CONSTRAINED IN x AND : DIRECTION
GRID POINT 144 CONSTRAINED IN x, y AND z DIRECTION
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Figure 2.11-3. Top View (z) of PEP Array Deployment Assembly Model

Maximum spectrum values were used to compute the modal responses, which were

squared and summed. The square root of the sum for any direction was then com-

puted for the load factors,

Results

The results of analysis are presented on Table 2.11-8. The computed load
factors are well beiow the specificat’ »n values except for the case of liftoff
in the X and Z directions, However, as noted, the analytical approach is con-

servative and the refined load factors will be below the spacification levels.
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Table 2.11-1, Array Deployment Assembly Math Model
Gridpoint Definition (Page 1 of 4)

X Y Y4
-GRDSET . i i
GrRID | “§,7 44,5 8,0
GRID ? 0,0 44,5 0,0
GRIT 3 39 LY T U
GRID -4 4,9 44,9 0,0
GRID 5 649 44,5 »f,0 f
3.5 8,0
GRID 4 0,0 44,5 »f,0
GRID 8 =5,7 43,0 8,0
—i 70 D 0
GRID 10 3.6 48.9 8,0
oRiD 14 748 43.0 8,0
w0 L4 AT
GRID 13 5,7 AR, 0 9.3
GRID 14 0,0 43,0 9,3
aT* |
GRID 16 ,ul. A8, 0 *9,3
GRID 19 3,7 1,0 3,0
—40 Lt TR +:0
GRID 1¥ 3.7 41,5 0.0
GRID 20 7.4 43,5 0,0
SRID—2%— —F4 —~ 44—
grip 22 3,7 41.5 #8,0
GrRiD &3 0.9 1.9 8,0
AR n—>24 —w§ o8y =S 0—
GRID 2J 0,0 28,3 0.0
GRID 26 4,7 28,3 0,0
—_ — 28— 0
gRip 28 9.5 28,3 o8,0
GRID 2¢ 4,7 £8,3 8,0
— 8r6——e8 30
GRID 3 9,7 5.0 8,0
GRID 32 wd, 4 8.0 .1’|’
—eR 33 —a$:Y 3 1
GR1D 34 ud, 2 ib.0 ®3g.?
ariD 33 0.0 5.0 0,0
SRIp— 88— G —A45 08
GRI!D 3?7 0.0 6.0 '10.5
GRID 38 5.9 15,0 0,¢
SRID 3¢
BRrRID 40 51? 6.0 10,9
GRID 6 14,8 15,0 5,8
4458 18+ L
GR!D 43 1{06 5.0 '1005
GRID 'Y .’.7 3.0 -°|°
t"T‘ 3 i
Grip 46 8,7 18,0 «§,0
gRID 47 =d4,2 3.0 *42,0
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GR!D 48 0.0 3.0 0,0
GRID 49 0,0 3,0 8,0
GR1D LY) 0,0 13,0 »10,5%
B r 0430 IRy
GR1D 52 6.0 3.0 «f,0
GR!n 53 i.O 1309 .1°|5
L ‘%{Tﬂ_‘ (R’) 5.:
GrlD 55 12,0 i3.0 8,0
GRID 56 1210 13.0 '1°l5
— 59 *"T"‘“—¥T’““"—"ﬂiﬂ
GRID -1 | 0.0 7.5 0,0
GRID 5¢ 6,9 7.8 0,0
‘%3Tﬂ“““‘475‘“”“‘575
GR!D 83 13,0 7,8 =f,0
GRID 42 &,5 7.5 »8,0
& b ?Ti‘*—*-'ﬁ~%
GRID 84 8,7 30 a0
GRID 69 6,9 7,8 0.8
SRI——t— :%#f—~—~’75--—1776~—‘“————***
GR!D (¥4 14,0 7,8 17,6
GRID é8 i%,0 7,8 0.0
—— ¢ ry X 350 —wi 0
GRID 70 6.9 3.0 .510
GRID 73 13,0 S, 0 8,0
P ;a5~$—~—~{kih-—~1ih1%
GrRID 73 0, 0,0 c.0
. 0,0

o
o 1 x
el bew
oo
~4 ~3
-3 [N
[ [
0.
- & B
[~
o
‘.-.-
CY._"
L J L NY Y
A ] =)
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OR!D 7? 13:0 oD
1%3Tﬁ‘*‘*GTﬂ“*“‘“*&r&—”“*“‘“*“—““‘
GRID 79 13,0 0,0 «§,0
GRID 80 6,8 0,0 «8,0
&R 81 8 gy
SRID &2 ' 8.4 0,0  a9'%
GRID ay 8.7 ¢,0 9,3
~*-—*-—*ﬁﬂ4ﬁ-*~Gﬁ~——~—-~——~———ﬁr&~—* CaR —
GR:D )] 6.5 0.0 .913
GRID Bé 18,0 0,0 *9.3
aREp—B8 7 ~—’T¥——~"'§TG“-*“‘ﬁTO““*‘—'—‘“*‘
GRID as 1.2 53,0 8,0
GR,D 89 6,8 o3, '8.0
GRID 14 0.0 7.5 0.6
GRID 02 6,3 7.5 0,8
—6Rt—— 93 42 > i
GR!D od 13.0 ’7.5 1?|6
. GRID 93 1.0 7,5 9,0
RN s 4—%JTQ*—‘“'#T§—‘"‘9T%““‘““—_“‘_“‘
GR!D $7 6,5 7,5 0,0
Qﬁ
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Table 2,11-1,

Array Deployment Assembly
Gridpoint Definition |

Math Model
Page 3 of k)

GR}D 98 33,0 0.0 R0
GRID T 30,0 0,0 9,0
GRIp 100 45,0 0,0 9,0
) h§'T) YU T
orlp 303 85,5 o'p 0,0
GRip 109 304.0 2.0 9.0
<) . o *iiioy 0 —"717
GRID 0L 3,0 g0 0.0
GrRiD (4 ) 33,7 o,0 #,0
oD P ¥ £ N N )
GRip 104 i193,7 7.¢ 12,6
Gﬁgu 8] 80,7 6,0 30,9
3 —. ; : 70
GRID 181 72,4 3.0 7,2
GR!ID 116 }’zo‘ 3,0 sf,%
GRID 114 88,7 60  wp's
GRiD 133 98, 1.8 8,5
¢ 95 r—r s 3-an
GRiD 11) 160,7 6,0 2
GRID 144 18%,7 1.8 9.2
GRID 3120 1857 ooy 17,8
GRIp 423 40,7 0,0 10,5
BRID 12¢ '?::Tfﬁu_gfg_-_~fg?;_--*
Grip 124 72,4 9,0 8,5
%66?4~“—1h1F--*—-8~6
GRID 12¢ 160, o,p -l:s
GRID 127 1,317 0,3 ".5
< - N 3 e """‘"““
GRID 129 83,7 0:0 5.2
GRiD 30 83,7 7,3 17.6
GRID 131 10,7 w60 sp's
BRID 13 164,86 4,9 3,0
. 4 %?i~i—-’376-—~'¥"t~—-——~*~*—
6RID 133 172,46 o310  ap's
GRID 13’ 1660‘ "%,5 ‘a.’
GRID 134 93,7 3.5 a3'p
Grlp L8 1) 198,7 7.8 B
GRID 143 65,7 6,0 .p
GRID 143 123.7 cao .1005
0Rfp g4t 80,2 o' HE
ER?D 14 9, 13,8 9.0
' -
GRID  4@? %0 35 0
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Table Oo11-1,  Avrva, ceplovment Assembly Math 'hoiel

it ipoint Definition {(Page 4 o h)
GRID 148 67,5 13.5 0,0
GR!D 149 83,7 13,5 9.0
GR!D 150 103,5 13,5 P.0
GR1D 1533 &l ' 0
GRID 154 144,5 13,5 %, 0
GRID 153 182,5 13,5 P.0
ﬁﬂfﬂ—“"_tgf ' ' ALY
GRID 153 28,0 13,5 6,0
GRID  13% 45,0 43,5 9,9
SRiT——y5H i T
GRID 154 84,3 13,5 9,0
GRID 19% 103,5 »33,8 6,0
AR 1213 4770
GRID 163 144,55 #»33,5 0,0
GRID 163 62,5 w#33,5 9,0
i1y -2 : y SR
GrRID  ged 87,5 =20, 17,6
GRID 163 104, 0,0 7.6
—SREB——144 P52 10
GRID 16/ 63,5 0,0 35,6
GRID 168 87,8 020, $5,6
Rt 3
SRID 176 79,5 20, 35,6
GR1D 173 43,5 0.0 48,6
GRED 474 B 20— 4B
GRID 17 104, 0,0 48,6
GRID 174 79,5 20, 48,6
4 3 ‘ir; —‘L%T—-—'.'E'BT—_{"
GRID  47¢ 103,5 =20, 35,6
GRID 17/ 65,5 20, 55,6
SRB——132- S35 ——2g—— 3570
GRID 17y 83,5 0,0 17,6
GRlD 180 85,5 0,0 48,6
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Table 2,11-C,

Nastran A Sev

v e

-

shASE 1 iz
$BASE 3 12
LR4ASE 22 t2

—TAEFSETTTIES T
ASETL 13 175 17?7
ASETL 123 1 2 4 -
ST £ 9 re) pp s
ASFT1 1e3 12 17 18
ASET1 123 én 231 4 5
HS$ET—1e €7 4.
ASFTL 123 A THRY k1.
ASETVL 123 7 43 43 A4
ASTTT—1cs *+g 37 T
ASEYL 123 50 54
ASETL 1¢3 26 THKY 5¢
*SFTE—123 tY THRU )
ASETL 123 &9 THRY 72
ASETY 423 77
ESETI 1Y A’} THRY Ly -
ASIT1 1¢3 £ THRU 53
ASETY 123 57 THRY 1014
ASTTYI 3¢S I3 YRRV TU®
ASET1 423 111 112 115 12
ASFTL 23 126 129 130 434
FSTTY TS I
ASTTY 1¢3 144 THRU 174
ASETA 1¢3 1764 176
ASCTI Y2349 1072
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Table 2,11-3.  “rray Deployvment Assembly Math ilodel
sewn Llements (Page 1 of 2)
CBAR L} : 2 3 8
CBAR 2 .3 3 i‘ 8 g
CBAR 3 3 Y 15 8 2
CBAR L] 3 g2 a3 72 2
CBAR 6 .3 83 84 72 2
-CBAR 7 3 —B%- .-} »2 4
CBAR 8 -3 65 8¢ re 2
C8AR 1 ‘4 Ve 147 4] 2
~StA—t0 - H——t 00— 7% 7
CBAR 11 3 4«00 40 76 2
CBAR 12 ) 101 102 76 2
—SBin 13 ‘31 0p & T
CBAR 14 '3 03 104 76 2
C3AR 15 T 104 105 76 -]
CBAr iy 3 242 143 123 2
CBAR 14 -3 143 144 123 2
-CBAR 49 e an —a 0 0——44F r 343 —9
CBAR 20 3 100 156 102 2
CBAR 2 g} 104 154 102 2
- ¥ 4
CBAR 23 4 143 L46 102 2
CBAp 24 4 246 147 102 2
—L8ip——28- A —a 4 148~ ton -9
CBAR a4 -4 148 149 102 2
CBAR 27 -4 249 450 102 2
-4 % 162 _»
CBAR 29 -4 ibd 152 108 2
C8AR 30 -4 52 183 108 2
~LBAR—34 4 w54 458 40D 3
CBAR 32 4 155 156 102 2
CBAR 33 4 156 157 102 2
—LoAR—34— A 357 c 4 +
CBAR 35 & ard 15¢ 102 4
CBAR 36 4 139 160 10¢ 2
4 88 461 102 -4
CBAR 38 q 163 162 102 4
CBAR 30 '3 101 163 166 2
—LCRAR—43 .8 20— 165— 64— 9
CBAR ds '8 163 164 165 2
CBAR 42 '8 163 166 16% FJ
LoAp— 43 8 64 4 163 —p-
CBAR 44 & 169 166 163 2
CBAR 45 7 163 167 173 2
LBAR——44 3 - - — -
£BAR ‘7 '3 164 170 173 2
CBAR 48 g | a70 174 173 g
-LBAR 49 i1 264 168 423 2
CBAR 50 3 168 172 175 2
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Table 2.11-3, Array Deployment Assembly Math Model
Beam Flements (Page 2 of 2)

CBAR L1 | 169 169 7l

CBAR 32 'y 169 173 174
CBAR 53 ' 374 172 473
CaaAR -1 ] L) 472 173 R4
Csar 86 . 73 174 474
LBAR—y— 61—
CBAR 5s ? 73 176 167
CBAR 59 'y 170 177 167
¢ —3

CaAR 61 4 71 180 172
CBAR 62 s ive 180 174
~CHBAR—b3— —4— A —— 28— ~4 98—
CBAR 64 d ] 174 160 174
CBAR (1] 4 363 179 164

ey TR ——4 99— 468
CBAR &y ] 169 179 164
C8AR 68 3 166 179 163
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Table 2.11-4, Aoy beplovient Assembiv Math Model
Quadrilateral Flate Elements (bage 1 oo 3) :
i
cauaDé 100 : 2 3 6 4 i
couaD4 403 : 3 4 ] ) !
CQuUAD4 10% 4 2 A 1§ 18 ~
—CetA D 10— 2 3 % R0 1y
cauab4 104 : 18 9 22 rd]
cauabd4 40 > [} 20 23 28
— Nt — 0t —3 ¥ ® 20— 1%
CQUAD4 407 3 10 i3 23 r{
CouaD4 400 3 6 7 ) 10
’ & —— SO—2¢ 23
COUAD4 130 > 3 7 9 8
cauadd 113 3 8 9 23 17
' 3 r reg - 1 14 —~24
couad4 143 b4 L8 9 26 2%
CollaD4 11¢ b 19 20 27 26
Sf tADA—L4Y 5 24 £4- —£8 27
touadd s¢ 3 1% 22 20 26
COUADS 147 : 22: 23 30 29
COLADA—444 3 rs £9 H——24¢——
COUAD4 421V b F | 26 29 30
CQuUAD4 520 i 26 27 gg 29
couand 423 3 2% 20 38 33
cQuUADA 429 -3 26 27 41 3R
EHAD4—L24 3+ —a 3 —e8 —4L 4%
CoUAD4 123 i 28 4 b1 a2
CQUAD# 13¢ 3 2 30 36 39
Sab AR —4 27 > 33— 3 33—
touAD4 128 H 3 32 34 35
CoUADd 12 2 33 34 37 36
SoUAD4—4 30— 3 38- 36 33—
CoUAD4 13} 8 36 37 40 30
CouaDd 132 s 38 3¢ é2 44
44 ~ L 4§
COUAD4 430 » 31 o2 45 44
Calabdé 433 i 34 44 e 35
SolaDe—L — —33 3§— A
couadd 11V i 38 38 L} 48
CoUAD4 43¢ S 38 41 54 51
e ’ s 44 bg—- —Bb— — 54— —
CQUADE 140 S 34 33 46 44
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Table 2,11-4, Array Deployment Assembly Math Model
Quadrilateral Plate clements (Page 2 of 3)
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Table 2,11-5. Array Deplovment Assembly Math Model
Triangular Plate Elements and Added Masses
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.able 2.11.7. PEP Array Deployment Assembly

Mode number

Frequency (Hz)

O W 0o N O e W
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7.9

12.
14,
15.
17.
18.
18.
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01
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Table 2.11-8. Specification and Computed Load Factors

Flight event Load factor (Gs)
Nx Ny Nz
Lift-ff Spec value 3.2 1.0 2.5
Computed value 3.3 0.3 2.3
Landing Spec value 2.0 1.0 4.2
Computed value 0.8 0.1 2.5

2.12 POWER SYSTEM CONFIGURATION

Objective

The objective of this study effort was to determine the overall electrical
pcwer system (EPS) sizing and electrical configuration, including sizing of
the major components: (1) solar array, (2) voltage rerilators, (3) distribu-

tion and control, and (4) system wiring and cabling.
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Conclusions and Recommendations

The PEP solar array output power requirement is 32.9 kW (16.4 kW for each of
the 2 wings). Each of the 2 array wing blankets is 3.84 x 37.8 m = 145 m2 in
arca. Each of the 6 power regulators must be sized for approximately 5.27 kW
at the regulator terminals. The PEP power output 1. 6.9 kW at the PEP
interfaces (stations 693 and 636).

Assumptions
The system is assumed to require a net electrical output of 29.0 kW for sizing

purposes; it is further assumed that the fuel cells will contribute all of
this power at night and 3.0 kW nominal (3 FCP's at 1.0 kW each) during the
daylight periods as required by mission duratioa objectives. The 29.0 k¥ is
assumed to be rated/delivered as follows: (1) 4.67 kW for Orbiter at main C;
(2) 4,67 kW for Orbiter at main A; (3) 4.67 kW lor Orbiter at main B and 5.0
kW for payloads at station 603 (both positive and . turn wires); (4) 10 kW for
payloads at station 645 (both positive and return wires). The PEP to Orbiter
interface is assumed to occur in connectors at station 693 (port side for

main A) and station 636 (starboard side for mains B and C). PEP and Orbiter
cabla losses down to the above assumed load interfaces are per the discussion

and examples of section 2.6 above.

Approach
Cable and component losses and mismatches were evaluated and applied to the

system/component sizing analysis.

Results

The PEP EPS electrical configuration and sizing is summarized in Figure
2.12-1, The system consists of a 2 wing solar array, 2 diode assembly boxes, &
6 circuit cable system down the RMS to 6 pulse width modulated power regula-
tors, a power distribution box, shunt limiters and PEP cabling; in addition,
the PEP power traverses some Orbiter cavles and equipment before it reaches
the Orbiter and payload loads. ine load requirement is 29.0 kW net; in addi-
tion, an allowance of 0.20 kW has been made for operation of the PEP system.
Hence, PEP must supply more than 26.2 kW gross at the load interface (26.8 kW
at the PEP interface), considering that the fuel cells deliver an average of
3.0 kW during the daytime.
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Figure 2.12-1. PEP tlectrical Power Svstem

The system has been sized to deliver a net of 29.1 kW to the loads based on an
integral number of panels ir each solar array wing; the resulting power is
26.9 kW at the PEP interface at stations 693 and 636. The Orbiter cable
efficiency (0.977) and the PEP cable erficiency (0.982) are based on the anal-
ysis discussed in section 2.6. The power distribution box (PDB) power
efficiency is 0.99; since part of thr .0sses are not series resistance losses,
the voltage efficiency is 0.994. Power distribution vux losses total approxi-
mately 279 watts which includes 172 watts for series elements such as fuses,
contacts and wiring, and 107 watts operating power for components such as cur-

rent sensors and relay drivers.

The voltage regulator block of Figure 2.12-1 represents 6 regulators that are
parallelled in pairs, one pair associated with each of the 3 fuel cells. The
output power requirements for these regulators are presented in Table 2.12-1,

based on the analysis discussed in section 2.6.
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Table 2.12-1., Voltage Regulator Power Output Requirements

Output

Design Design
Associated Nominal power1, kW current‘, A Unit design
FCP pouer1. kW {Nominal x 1.1) (at 33 V) current 2. A
FCP 1 8.95 9.85 298.5 149.3
FCP 2 9.1 10.05 304.5 152.3
FCP 3 9.58 10.54 319.4 159.7
Total 27.67 30. 44 922.4

1
Two regulators in parallel,

Each of two regulators.

It should be noted that the regulator design precludes the voitage outpui from
exceeding 33 volts in event of loss of remote sensing; when the remo.e censing
leads are connected the voltage will increase by an amount equal to the system
voltage drop between the sense point and the regulator terminals and may

exceed 33 volts.

The nominal power requirement for each of the 3 pairs of regulators is shown
in the first column of the table; the design power (second column) is 10%
higher to provide flexibility to accommodate: (1) a different split of ioads
among the 3 buses than the nominals assumed in the analysis of se~tion 2.6 and
(2) permit the utilization of the extra capability available from the solar
array much of the time when the array is colder than the design case (e.g.,
during continuous sunlight orbits). The current ratings of the table are based

on a regulator output voltage of 33V,

The regulat.r efficiency of 90% used in Figure 2.12-1 is conservative, based
on MDAC breadboard test results and extrapolations thereof (see seztion 2.7).
The peak power tracker efficiency allows for a mismati.h between the regulator
and solar array operating poirts; tbi3 results in an array sizing penalty, but

does not result in regulator heat rejection,
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Transmission losses for the number-6 gage conductors are calculated to be 1147
watts for a conductor operating temperature of 95°C. Slip ring losses are 108
watts assuming a contact drop of 0.2 volt. Connector losses total 44 watts
using a 20 milliwatt contact drop at 95°C Diode box assembly losses are 215
watts total for both boxes based on 0.8 volt diode drop. Total transmission
losses are 1,514 watts., These losses result in the 95.4% efficiency for the

diode and RMS cable block of the figure.

The solar array output power requirement is about 32.9 kW to deliver 29.0 kW
net to the loads. The array is rated at beginning-of-life po er; the resulting
array end-of-life power is approximately 30 kW. The array voltage at the peak
power point is apprcximately 122V as determined in the previous phasz of the
PEP study.

2.13 SOLAR ARRAY WING ASSEMBLY REQUIREMENTS

Objectivea

The objectives of this effort were to define: (1) the major requirements for
the solar array wing assembly (the PEP array consists of two wing assemblies)

and (2) the performance/characteristics of the solar array wing assembly.

Conclusions and Pecommendations

The nominal PEP solar array wing electrical power output requirement is 16.4
kW, BOL. The output voltage requirement is 122" (max power at 60°C) and 239v
(open circuit at -70°C). A 1uFm2 blanket on cach of the two wings, which are

3.84 x 37.8m, will provide the required power.

Assur “ions
The requirements and designs discussed in this section are based on the
following assumptions: (1) pow~r= ~put and sizes are based on the nominal
conditions specified herein and is considered to be nominal beginning of life
(BOL) performance, as contrasted to maximum or minimun performance, (2) 29.0
kW net (29.2 kW gross) power (BOL, constant continuous), (3) the Orbiter fuel
cells typically operate at an average cf 1.0 kW each, which is obta:ned by
allowing the Orbiter loads to operate at up to 33v at the load interface, and
(4) the solar array wing/solar cell characteristics a~- as indicated in Figure
2.13-1.
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Figure 2.13-1. Solar Array Wing Charactaristics (LMSC Example)

GUIDE WIRE NEGATOR

Approach
The solar array assembly requirements were derived as the result of analysis

of the PEP mission, the Orbiter interfaces and the PEP electrical power system
(EPS). The reference system example described herein is based on the LMSC SER/
PEP work.

Results

The mission-related PEP solar array assembly requirements are prevented in
Tabl. 2.13-1 and tne array performance and design requirements are presented
in Table 2.13-2. The PEP dedicat.. vo ETR operates 78% of its time in a 28.5°
orbit and 22% of the time in a 55° orbit.. The PEP dedicated to WIR operates
100% of the time in 90-104° orbits.

The array wing power requirement of 16.4 kW is based on the assumptions noted
above. The requirement for a large number of independent modules results from
the need to retain flexibility to allocate varying percentages of the solar
array to the Orbiter load buses and the payloads. The mast deployment and
retraction power limits are based on RMS SPEE wiring limitaticns.
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Table 2.13-1, PEP Sclar Array Mission Requirements
(Fach of Two Wing Assemblies)

Item Range Nominal
“. Orbit alcitude, km (n. mi) 185—11110 LoT (220)
(100-600)
2. Orbit inclination, deg/% time o
a. ETR PEP NA 28.57/78%;
550/22%
b. WIR PEP NA "NLO/100%
3. Solar vector/orbit plane +127.5 )

angle (B), deg

4, Array orientation All attitudes Normal z¢
solar v ‘tor

5. Array shadowing 0~-100%; orbit rat: woue

6. Launch vehicle Shuttle Orbiter - Shuttle Orbiter;
payload bay withia Payload Bay -
RMS reach Station 715

A summary of a representative design (LMSC examp! ") that meets the above

requirements is presented in Figure 2.13-1. The life is 160 complete on-orbit

deployment and retraction cycles.

2.14 SOLAR ARRAY CONTRCL AVIONICS REQUIREMENTS/CRITERIs DEFINITICHS
Objectives

The wojeciive of this study is to define the functional and operztional
requirements for the PEP Solar Array Pointing Subsystem (SAPS). The study

should include applicable array dynamics considerations. Software and hardware
specifications shall be defined.

Conclusions and Recommendations

Conclusions:

¢ Either a proportional or an on-off PEP gimbal controller concept wili
satisfy the po.~%ing -=2quirements for the PEP solar array.

® (ne Alpha and Beta gimbal rotations do not result in effective damping
of 71 compliance spriung flexible modes for all Beta gimba. positions

E: tive compliance spring modal damping is available for some modes at some

PEP Beta gimbal positions.
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Table 2.13-2. PEP Solar Array Performance and Design Requirements
(Each of ™ Wing Assemblies)

Item Rarv e Nominal

1. Output power¥*, kW

a. BOL (design to) TBD 16.k
b. EOL (reference) TED ~15.2
2. BOL output voltage®*, V
a. Vmp NA 125>V>100
b. Voc NA <250
3. BOL output current*, A
a. Isc TED Isc >1.1 X Iwp
Lk, Electrical modularity/interface
a. Electrical modules, independent >50 >50
circuits
©. Instrumentation circuits >5 >5

5. Operational usag

a. ime Period Late 1932-Late 1902
b. Mission frequency, mi.sion/year TBL 8
¢. Mission duration, days 7-.48 1h
6. Deploy/retract cycles per mission
a. On-orbit TBD 2
b. On-ground 0 - TBD
7. Deployment and retraction
a. Time, min TBD 6
Y. Power
(1) Current (retractioca,’ioc apy, THD L
(2) Voltage 18-23 14
8. Megretiz forces TeD Minimize

9. Ctorapgr

a. On-orbit TBD 3.07 jr
©v. Ol .ter vayload bay
(1) Tauach/reentry TBD 5C hr
(2) VaB TBD 950 hr
=\ - - - ~ o~
; danb&? S and Ot"i TRD ~7 yr
. fage - Hangav
ity
orpiter/erew safety 0.9999-1.0 0.9999
L. Return from orbit 1TED TBD
c. Mission completion TBD TBL

- N s oa - 2 . ) )
AL arTey base to (iode assembly, at 1,353 ¥/m .llumination and ncminal
conditions hereirn.

y
MCDONNELL DOUGLAS
C

R o e - - Y 2 el BN e, P

¥ ] o~ rr e -

.



ey R

T T

T T A Sy S, S L - TP M JI A0 o MY o - NI e ey 5w oxre + o ey s

® Tnz on-off PEP gimbal controller cowcernc ueets =11 requirements when
the augmented system damping requirement is dropped.

o Tae PEP gimbal control system will furnction autoromously in all flight
moces except for occasional keyboard or ground link inputs and updates.

e The on-off PEP gi~%.! controller concept can easily be mechanized in

most avaiiable mieroprocessors.

Recommendations:

e The cn-off PEP gimbal contrcller concept should be considered the
taseline con- 2pt,

o Tne _aseline FEF gimbal controller should not b2 used to damp the PEP
structure dynamic motion.

e Further analysis with the proportional controller with induced cdamping
is worthwhile. A dynamic mcdel including both linear and rotational motions
induced by the gimbals and a compliance sSpring model giving two spring degrees
of freedom tc each half of the array should be used.

Assumptions

<~ was assumed that the major compcnents of the Solar Arrey Pointing System
(SAPS) are the Alpha and Beta gimbals, the gimbal drives, the sensor(s) for
closed loop feedback and the control law. The Alpha gimbal axis will normally
be oriented perpendicular to the orbit plane and gimbal at orbit rate for
Orbiter local vertical orientations. The Alpha gimbal will have continuous
biairectional rotation capability (i.e., no stops). The Alpha gimbal axis is
oriented via the Beta gimbal from roughly parallel to the sclar array plane,
to perpendicular to une solar array plane. (Figure 2.14-1). The Beta gimbal
provides orbit Beta angle compensation when the Alpha axis 18 nrarpendicular to

the orbit plane,

The basic solar array pointing accuracy requirements are quite loose from a
maintenance of electricz' power viewpoint. Assuming power is proportional to
nosine of the angle between the array normal znd the sun line and an alliowable
power dreop of 1 percent, resvlts in an acceptable pointing error of 8 degrees.
Another consideration is "feathering" the array for low altitude, high aerody-
namic force missions. An 8-degree misal_gnment woulda project 14 percent of the
array face to the wind which may be undesirable. Thus, a +2 degrn: accuracy
requirement was assumed. Though sun track w 1 not require +2 degree accuracy,

that capability should be reasonable.
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Figure 2.14-1. PEP Gimoal and Compliance Geomery

It was zssumed that arra; sepsration from the Orbiter w23 not a SAPS require-
ment oecause the RMS will be positionea and the end effector vriented so that
any mstion of the Alphs or Beta gimbals wiil not result in a collision from a
rigid array vieupoint. A dynamic envelops mus*. be considered, however, and

Orbiter/SArS/PEP dyrnamics interactions must be eva. uateu.

It was assumed that the SAPS should not agrravate, and reduce if possible, the
PEP flexible body dynamic motions which are important because of the struc-
tural loads which could be developed. The pointing control system/flexible
dynemics interactions must not result in an unstable SAPS. The SAPS should not

generate forces and moments which could slip the RMS joint brakes.

The basic operational requirements assumed for the SAPS area:

1. tracks the sun within 2 degrees,

2. 8lew to defined Alpha and Beta gimbal positions (usually used for
initialization),

3. slew at defined angular rates for an indefinite time,
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4, gimbal position and slew rate commands will be defined via the
keyboard, ground links or a preprogrammed table used as part of an autonomous

procedure,

o e e s m—— —— R S« At e SN

5. any slewing can be stopped at any time by keyboard or ground link
command, and

6. operate with sun sensor feedback in eiiner gimbal axis and gimbal
encoder feedback in the other axis.

The last requirement facilitates feathering the array with one gimbal while
tracking the sun as close as possible with the otuer which is desirable for a
low altitude orbit, A wide angle sun senscr (at least about one array axis) is

sequired to make this concept useful.

Approacn/Discussion

Two Solar Array Pointing System (SAPS) concepts were considered. The two were
proportional control (with ncnlinear friction) and on-off control. The first
was analyzed as a continuovs system using sun sensor or gimbal encoder
feedback and tachometer feedback. It was assumed the gimbal was back driveable
and its ability to damp compliance spring motion was evaluated for a simple
case. Since the Alpha and Beta gimbals cannot damp all the compliance spring
modes, the on-off controller concept was defined. The on-off controller can
provide some damping if gimbal backdrive occurs. The on-off controller meets
viie other SAPS requirements when system damping augmentation is not required.

The sn-off controller has been defined as the Baseline SAPS.

Proportional Controller - The "compliance spring" concept discussed in Para-

graph 2.8 requires damping to minimize the solar array response to Orbiter
limit cycle disturbances, Orbiter orientation maneuvers, and PEP gimbal rota-
tions. This prompted an analysis to determine the effectiveness of using a

gimbal servo concept to induce system damping.

In the reference configuration the two solar arrays on either side of .he ADA
are each independently sprung about two axes (Figure 2.14-1). These four
degrees of freedom result in both symmetric and asymmetric compliauce spring
modes. The asymmetric modes can be damped by rotational motion of the ADA
while the symmetric modes require linear motion of the ADA for damping (Figure

2.14-2). In the reference configuraticn, Alpha and Beta gimbal rotations do

95
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NOTc:  ARROWS SHOW ARRAY DEPLOYMENT ASSEMBLY (ADA) MOTION
NEEDED TO DAMP THE MODES

Figure 2,142, PEP Compliance Spring Modes

not generally provide linear and rotational ADA motions along and about the
required axes, whic!: means that servo damping is not sufficient to damp the

four compliance degrees of freedom for general disturbances.

The primary solar array disturbances are Orbiter lianit cycle mctions including
any thrust impingement effects, Orbiter maneuvering and Alphs aad Beta gimbal
motions. Maneuvers are not expected to be cyclic ana by limiting maneuver mag-
nitudes, the compliance reduces structural loads to an acceptable level.
Orbiter limit cycling has the potential to continuously (on the average) input
energy intc the compliance modes (because of its cyclic characteristics) which
may ultimately rezult in large deflections aru uiacceptable mast or RMS loads.
Evaluation of Orbiter limit cycle effects was accomplished by reviewing the
Orbiter limit cycle characteristics defincd by 25 simulaticn cases. The
Orbiter simulation was the JSC/LEC Spece Shuttle Functioral Simulation (SSFS)
high fidelity rigid body simulation. These limit cycle characteristics were
simplified and input to a simple one-axis simulation to assess the
effectiveness of gimbal induced damping and the resulting sclar array limit
cycle amplitudes and loads. Further analysis i3 required with more detuiled

simulations.
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The modei (Figure 2.14-3) used for gimbal induced damping analysis was a
single axis model of a torque motor driving through a transmission (gimbal) to
an angular compliance spring connected to a moment of inertia representing a
rigid solar array. The feedback sensors were an ineitial position sensor (sun
sensor), z relative position sensor ‘1t1imbal encoder), and a relative rate sen-
sor (tachometer). The sensors were mounted on the gimbal side of the compli-
ance spring so actual array position could be <ziised only indirectly via the
servo backdrive effects. Linear analysis and simulation analysis including
nonlinear friction effects »zre used to evaluate servo inducc? damping. The

Orbiter limit cycle motion was input as a disturbance.

1
— | -3
BACK TORQUE N
. ORBITER
éo MOTION l .| %
STICTION
COULOYB FRICTION

NON_INEAR
FRICTION
MODEL

jj B

MR

>

=

r {DISTURBANCE)

ENCODER
Kog Lomm “R" DEMOTES
“a RELATIVE MOTION
SUN SENSOR “A” DENOTES ARRAY
o “q" DENOTES GIMBAL
Kos @ “M* DEOTES TORQLE MOTOR

Figure 2.14-3. PEP Proportional Control Simulation Block Diagram

The JSC/LEC SSFS Orbiter flight control simulation, used for reference Orbiter
limit cycle disturhances, includes a full on-orbit functional rlight control
system software simulation and includes aerodynamic and gravity gradient dis-
turbances. The 25 simulations included both primary and vernier thruster limit
cycles with several attitude dead bands and various local vertical, inertial

hold and passive thermal control (barbeque roll) orientations.

On-0ff Controller - This is the Baseline SAPS and assumes adequate structural

damping will be supplied mechanically. Allowing the gimbal tc¢ backdrive wilil
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add further damping. The extent cf the added damping was not evaluvated in this
analysis.

The on-oft and proportional controller concepts are similar except for the
control law. Figure 2.14-4 is a functional block diagram of the on-off con-
troller. Also shown are the primary controller operational ~equirements and
capsbilities. No tachometer is included in the baseline, The parts included in
the dasheza lines are mechanized in the PEP digital processo:r. If nighly accu-
rate gimbal slew ratea are not required, no angular rate feedback will be
required. Figure 2.14-5 is a flow chart defining a derived rate concept for a
low resolution sun sensor or gimbal encoder which could be mechanized in the

processor if needed.

The drive logic is a two rate drive. The achieved rate generated by the cutput
v , could be much higher .uan the required rate (e.g. orbit rate) and tle
servo will be "turned on" intermittently to realign the array with the
reference. The hysteresis provides o\ :r shoot so that the average array posi-

tion will be near nominal. An alternate procedure is to set the achieved rate

r DIGITAL PROCESSOR B
T, 1%+ . |
—-’” _;_ - ‘ 4 Voac GIMBAL
v Va— l POSITION
SUN H ™ i“l 4 A ! v SERVC
FRESENCE | — 3"“ o g e o i‘lmoros:i m
SWITCH Sy — o, ¢ VoAcl GEARING | +
(DAY/NIGHT) T
¢, SOLAR
| ARRAY
TRANSFORM DAY n
=y TO GIMBAL =04 UK
COORDINATES SENSOR
%1 BIAS SUN
LINE
NIGHT &
3
ENCODER

REQUIREMENTS/CAPABILITIES
e TRACK SUN LINE
® Blat ARRAY AWAY FROM SUN LINE (¢, g, as!
® SLEW TO A POSITIOM (¢, WITH ¢, = 0)
o SLEW AT A RATE (é,)

Figure 2.14-4. Baseline PEP Solar Arrav Pointing System
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Figure 2.14-5. Darived Rate Concept for a Lew-Resoiution Signal

near the commanded rate, and the array smoothly tracks the reference with
occasional high or zero achieved rate periods occuring to ad just the av<i-age
achieved rate to the required rate. The constant ru-e is desirable since
structural resonance excitation is minimized. The controller is effectively an

open loop controller for long periods of “ime which can eliminate stability

problems associated with structural resonaices.

Most of the control law parameters can be updated via the keyboard or ground
links so that on-orbit e«perience can be used. Since there is no direct gimbal
rate feedback, the open-loop servo characteristics (inciuding friction) wilil
have a significant effect on the closed loop characteristics and on-orbit

updates will be valuable.

The "Transformation to Gimbal Coordinates" block (Figure 2.14-) on the sun
sensor output may not be required even though the Alpha gimbal axis 7oesn't
generally liue up with a sun sensor axis. The closed-loop nature of the Alpha
and Beta servos will drive the Alpha and Beta sensor within the vead zones
even for large initial errors. Solving directly for the gimbal angles required

to zero the sun sernsor error involves solving trigonometric functions for
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large Beta angles in the processor., No requiremer* has bee: idontified for
this direct computation, but it has been included for geuerality.

The inputs shown on the block diagram (Figure 2.14-4) ¢s' ¢ and ¢ deline
the slew rate, position and sun sensor bias commands respectively. The sun
senso~ bias was included so that the array could coperate at less then max
power by biasing it away from the sun. The bias angle must. be small enough to
keep the sun within the sun sensor FOV so the sun sensor FOV would have to be

relatively large for a significant powei* reduction,

The day/night switch will be activatsed by the sun preserice signal. Smooth
transition between 3un sensor and encoder control will be facilitated by
insertion of a slew rate (és) command of the appropriate magnitude (normally
orbit rate for local vertical orientations) st the loss-of-sun event. Also,
the és integration (digital) will be initizlized to the sun sensor error

(1.e., b =8¢ ). At dawn the command rate will be removed and A¢_ used. The
dark side rate command can be preprogrammed and updateable or calculated based

on the rates required by the sun sensor f{eedback during orbit daylight.

Initialization upon deployment will be accomplished by keyboard input of the
appropriate Rlpha and Beta gimbél angles (¢s in Figure 2.14-4). An automatic
sun finding mode can be accomplished with a preprogrammed sequence of Alpha
and Beta slew rate and position commands, A solar array pewer indicacion may
be useful if the approximate location of the sun is not known (unlikely). The

sun presence signal defines when the sun has been acquired.

Hardware Specification - The functional SAPS hardware blocks are shown in
Figure 2,14-6, The Alpha and Beta SAPS are assumad identical except for gimbal

travel and some software, The computational requi: ments for SAPS are well

within the speed and complexity ranges of most available microprocessors. An
T-bit digital-to-analog converter (DAC) will have a servo rate command resclu-
tion of 0.004 deg/sec (6 percent of typical orbit rate) with a +0.5 deg/sec
gimbal rate range. This command resolution is adequate sinze the closed-loop
characteristics of the servo will result in an average achieved gimbal rate as
accuratr o3 required to meet the sun sensor or encoder position commands. The
accuracy of Lhe closed-loop achieved rate will be proportional to the

processor clock accuracy alsc, and is a consideration.
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Figure 2.14-8. PEP Solar Array Pointing Systam Hardware Functions! Blocks

The gimbal/servo stall torque requirement was defined to preclude over
stressing the aolar array mast. The mast design uitimate load c:pability is
200 ft-1b per mast and a maximum Alpha gimbal torque of 100 to 150 ft-1b is
recommended with the Bets gimbal being defined the same for symmetry. The gim-
hal travel is defined as continucus bidirectional for the Alpha axis and 0 to
S0 degrees for the Beta axis. The maximum gimbal rate capability is +0.5 deg’
sec, The Alpha gimbal travels 180 degrees in 6 minutes and the Beta gimbal
travels stop-to-stop in 3 minutes.

Further analysis is required to define the limits of acceptable open-loop
servo response., Based on the simulation model, an open-loop servo bandwidth of
greater than 0.25-0.5 hz is acceptable {or the proportional controller. A
response time (time constant; of 1 to 10 sec is acceptable for the on-off con-
troller. Quicker response is not required because the servo is controlling the

array through the compliance spring with a resonant requency of 0.02 hz.

The gimbal friction characteristics are of narticular interest for a propor-
tional controller design. The positicn feedback gain used in the simulation of
the proporticnal system was sized by the stiction value., The position loop
gain was made large enough to liait the position hang-off due to 22 ft-1b of
stiction to +1 degrees. This resulted in a higher clo3ed-loop servo bandwidth

than would be necessary based on a linear analysis,
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Gimbal backdrive is essential to the proportional controller if induced system
damping atout some axes is a goal. Energy is removed from the solar array by
backdriving the gimbal against the friction and back IMF of the servo motor.
The on-off controller does not require backdrive but will provide some system

damping if backdrive is present. No backdrive results effectively in & brake.

The sun sensor and gimbai encoder resolution were sized based on the +2
degrees solar array pointing accuracy requirements. A 1 degree resolution

encoder is adequate and reasonable and 0.5 degree sun sensor is reasonable.

A sun sensor fizla of view (FOV) of 20 degrees 1s adequate for most sun acqui-
sitions but a wide FOV is desirable if an autonomous acquisition from an arbi-
trary initial condition or tracking biaced away from the sun is desired. PEP
scftware needs will incluce ground ccmputers and Orbiter computers as well as
the PEP processo~. Ground and Orbiter software are expected to be minimal.

Scftware Spreirfications - The SAPS software will be executed in the processor

on the PEP. Modes of control will be defined via preprogrammed sequences and
real time updating. Figure Z2.14-7 shows a flowchart for the basic SAPS module.
The nomenclature is derived from Figure 2.14-4, Table 2.14-1 defines the data
and parameters the SAPS module requires for execution. This infoirmation will
be defined by other software modules such as mode contrul and data acquisi-
tion. An 2xecution rate of once per second is adequate, and the sensor data

must one sampled at the same rate.

The logic alicws the Alpha and Beta gimbals t¢ each work in independent modes
(i.e., sun track, slew to a position, etc.). In the sun track mode, a smocth

transition from day to night is facilitated *»:- initializing the zppropriate

slew rate (¢C) and initializing ¢c such that A ¢ is continuous. The various
non-sun-track modes are facilitated by setting ¢ and ¢ to the appropriate
c ]

time histories.

On Figure 2.14~(, two software modules are shown to vrocess the sun sensor
data. The ocutput of the solid lined option are gimbal angle errors. This cal-
culation could te 2s simple as transmitting the sun sensor errors directly as
gimbal errors. This simplification is acceptable since the sign of the sun

sensor errors and gimba' angles are the same for BelLa angles undeir 90 degrees.
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Table 2.14-1, PEP SAPS Interrupt Routine Inputs Required

® Mode in each axis (a, 8)
- Sun track

- Other
e Position commards (¢ , ¢ , ¢ )
Ca C8 SBIASx SBIASy
# Slew rate commands (¢ ¢ )
Sa S8

e Switch logic parametars for each axis (¢ ¢ ¢ , v ,6 V)

a b ¢ a b
e Gimbal limit logic parameters (g g 8 A

0 90 wmin 0

e Sensor inputs (¢ ¢ , o, B, sun presence)

ssx’ ssy

T=a
:r‘\\\yzs 4,/”252\‘\\\vzs

st < PRESENT +r

y AXIS 7 '
?
NO Lo N 2 &
SN 1| CALCULATE ) CALCULATE
Ogy * ©, - eV o 30 = A¢
. oo XS preszact 'u'_ = :} Tn
v ¢, A0y T8y Tl" CHANG & il Sk
Y W7 '
3 { NO

s o en am a» o a» an -‘

SWITCH
LOGIC
ty)

" R
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Figure 2.14-7. PEP Solar Array Pointing System Softwasre Modula Flow Chart

The magnitudes are actually related trigonometrically rather than

linearly but

the same sign means the closed-loop serve will converge toward zero error,

Using the full trigonometric equations will result in defining the exact

change in gimbal angle required or tne exact gimbal position (dashed lines)
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required to zero the sun sensor attitude error signal. No requirement has been
identified for the full trigonometric versions even for large angie cases if

the Beta gimbal angle is limited to 0 to 90 degrees.

The switch logic module is detailed in Figure 2.14-8. This module mechanizes
the switch lines shown in Figure 2.14-4, The capability to make the Alpha and
Beta gimbal switch lines different is provided. The gimbal limit logic .s
detailed on Figure 2.14-G and provides software gimbal stops for the Beta gim-

bal by seiting V to zero when the switch logic is commanding into the

DACB
stop. Ro and B 0 represent the typical 0 and 90 degree stop values respec-
tively, but ~an be updated during flight for special operations.

The Alpha gimbal limit logic is required for Beta angles near 90 degrees when
the plane of the solar array is nearlv perpendicular to the Alpha rotation
axis. When these Beta gimbal angles occur, small chaages in sun sensor error
theoretical..y require 90 to 180 degrees of Alpha gimbal angle change. The
Alpha gimbal limit logic inhibits the Alpha gimbal command for Beta gimbal

angles greater than Bhin Unless tne Alpha axis attitude error (A¢.) is greater

than A ¢
o

RETURN

Figure 2.14-8. PEP SAPS Servo Switch Logic Software Module
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Figure 2.14-9. PEP SAPS Gimbal Limit Logic

The software described above is erecuted once per second. The SAPS module
shown should be programmable in less than 500 machine commands and the
rasulting execution time is essentially negligible compared to the 1 second
execution interval for most available rirocessors. Inclusion of the full trigo-
nometric sun s>nsor error processing equations wcula increase computation time

significant pe:.centage, but the execution time would still be insignificant.

Word length requirements may exceed 8-bits for the gimbal encoder and attitude
error calculation, slew rate command and the sun sensor data processing. For
example, assuming a slew command range of +0.5 deg/sec, the 8-bit rate resolu-
tion is 14 deg/hr which may be excessive for =ome operations whe:e the sun
sensor is not used for extended periods of time, Double~pr ecizion in 8-bit

processors is no problem and zives more than adequate prccision.

Results

The following is a summary of the simulation effort %o evaluate the potential
for damping the PFF 2ompliance spring modes with the proportional controls
with backirivz. The simple 1-axis model (Figure 2,1%:-3) simulated only an

asymmetric compliance mode. The system parameters used in the simulation are
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defined in Table 2.14-2, Figure 2.14-10 shows the closed-loop root locations
for a fourth order model and the reduced order (third order) model used for
the simulation results shown herein., The high freauency real root obviously

was not significant for the frequencies of interest and resulted in large com-

puter run times so it was eliminated (Figure 2,14-3).

Table 2.14-2. PEP SAPS Simi.lation Pzrameter Values

Parameter Yal ue Units

Total array inertia 133,000 slug-f‘t2

Compliance spring rate 2,100 ft-1b/rad

Compliance spring damping ratio 0.001 N.D.

Gimbal
Ineriia 0 slug-ft2
Coulomb friction 7.26 ft-1b
Stiction 10.89 ft-1b
Gear ratio 250 N.D.

Torque motor {Inland Model T-3910; data referred to gimbal)
Rotor inertia ) 21 slug—ft2
Back EMF conscant 2,060 ft-1b/rad/sec
Coulomb friction 10.5 ft/1lb
Stiction 10.5 » ft/1lb

Gains (referred to gimbal)
Sun sensor and gimbal encoder 1,7 ft-1lb/rad
Tachometer 15,600 ft-1b/rad/sec

Many simulation runs were made gimulating Orbiter rate maneuvers, commands and
limit cycles. Both sun 3ensor and gimbal encoder feedback were used. The runs
showed that the PEP sclar array mast loads are acceptable for Orbiter angular
rate steps of greater than a 0.25 deg/sec. Figures 2.14-11 and ~12 show the
torque at each mast root for a 0.25 deg/sec Orbiter step rate for gimbal
encoder and sur sensor feedback cases, respectively. In the encoder feedback
case, the pointing system damps the motion well until the gimbal locks duz to
stiction at about 10 ft-1lb torque per mast. With the gimbal locked, the cnly

damping is in the compliance spring itself which is essentially zero in the
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Figure 2.14-10. MDAC PEP Solar Array Pointing System Sirnulation Motor Damping (K ) Root Locus
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Figure 2.14-11. MDAC PEP Pointing Control System Simuistion — Rate Maneuver wi** Sncoder Feedback
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Figure 2.14-12. MDAC PEP Poiating Control System Simulation — Rate Maneuver with Sun Sensor Feedback

simulation. The sun senso: feedback case shows a different characteristic
because the solar array is controlled to remain inertially constant by com-
manding a 0.25 deg/sec average gimbal rate and the gimbal never locks. The 33%
system damping indicated in Figure 2.14-10 applies and the response is well
damped .

A preliminary evaluation of the response to Orbiter limit cycle motion was
evaluated by inputting approximations of Orbiter limit cycle attitudes and
rctes. Limit cycles with frequency content near multiples of the compliance
frequency (0.02 Hz in the simulation) are of concern. Twenty-five high
fidelity Orbiter on-orbit flight control system simulations (JSC,/LEC SSFS)
were reviewed. A VRCS case was chosen as a potentially severe case and the
Orbiter motion approximated and input to the simulation. Figures 2.14-13 and
-14 show the high fidelity simuletion output and the approximation, respec-
tively. Figure 2_14-15 shows the mast root torque on each wing for the input
shown on Figure 2.14-14, The stiction was reduced to 6 ft-1lb in order to break
the gimbal loose early in the run. Note that tne torque on each wing is
effectively limited to cne-half the stiction torque indicating that induced
system damping is feasible.
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Figure 2.14-15. MDAC PEP Solar Array Poiating System Siraulation — Mast Moment for VRCS Limit Cycle

A .imple approximatior of a PRCS limit cycle proved elusive., Therefore, a rea-
Jonable worst case was "manufactured" based on PRCS limit cycle rates and
att.tudes observed in the high fidelity JSC/LEC SSFS simulatiorni. An attitude
dead zone of +3 degrees with a rate of +0.034 d(eg/sec was chosen (Figures
2.14-1€ and -17). This represents the largest Orbiter limit cycle motion
expected. The two-sided limit cycle period was atout 350 seconds which is an

odd multiple ¢~ the 50 second compliance spring period, so energy is input to
the array very efficiently.

This is obvious on Figure 2.14-18 which is the mast —oot torque on each wing
for a4 ~ase where the gimbal has been locked and no damping is available. The
mast root torque reaches 200 ft-1b after about 1 orbit,

Figure 2,14-19 siwow the effect of compliance spring damping. The conditions
are the sare as that in Figure 2.14-18 but a compliance spring damping of 1%
of critical has been included. The mast root torque is limited to an accepta-
ble 4 ft-1b.

-

qure: 2.14-20 anc ~-21 shcw similar cases where the gimbal friction has been
reduced to the nominal values (Table 2.14-2) and the compliance spring camping
ro*io has h:zem set to 0,001, Figure 2.14-20 is a gimbal encoder feedback case

and Fig.re 2.14-27 is a sun sensor feedback case. Note that the root torque
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Figure 2.14-19. MDAC SAPS Simulation — 1-Percent Compliance Damping
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amplitude is limited in the encoder fcedback case (Figure 2.14-20) to near
one-half (per wing) the total gimbal stiction value of 22 ft-1lb, indicating
that the friction and back EMF torques effectively abscrb the energy input by
the limit cycle motion. The sun sensor feedback case (Figure 2,14-21) exhibits
much the same characteristics as the sun sensor case mentioned previously in
that the gimbal rate is non-zero most of the time and the linear system damp-
ing ratio of 0.33 applies. Note the very small mast root torque which results.

The effects of gimbal encoder resolution were cursorily evaluated with the
SAPS simulation. Figure 2,14-22 shows angular rate histories for the gimbal
and the array for a case corresponding typically to dark side operation. The
array is comnanded at orbit rate relative to the Orbiter.

The gimbal encoder resolution was set at 0.5 degrees (half the prasont
baseline) and the resolution effects are visible in the limit-cycling gimbal
rate shown in Figure 2.14-22, The gimbal rate never reaches zero and the gim-
bal never sticks. Thus, the 33 percent linear damping applies as can be seen
in the well damped array rate response, Decreasing the gimbal encocer resclu-
tions to the baseline one degree, would approximately double the gimbal rate
limit cycle amplitude. The gimbal would not stick, and good array damping
would be available for orbit rate command rates.
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Figure 2.14-22, MDAC SAPS Simulation — Encoder Resolution Effects
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2.15 CONTROL SYSTEM MANAGEMENT--GENERAL PURPOSE COMPUTER (GPC) AND ARRAY
PROCESSOR CONROL INTERFACE

Objective

To define software functions for PEP activation, checkout, and operation

performed by the Systems Management GPC and the Array Pointing and Control

Electronics Assembly (CEA).

Conclusions and Recommendations

The software functions to be performed in the Systems Management GPC will be
minimal. Its use can generally be confined to status monitoring and checkout
(comparison of actual to desired parameter values), the transfer of commands
and data between the MCDS and PEP equipment and configuration of power regula-

tion and control equipment.

Approach

The various operations required by PEP were analyzed to determine what
software functions were required and decisions were made in regard to their
location. Brief descriptions of the functions were then prepared and input

requirements were defined.

Results

The results of the analysis are contained in the following paragraphs.

PEP Software Functions--The PEP functicn is operative during SM OPS 2, as spe-

cialist Function No. TBD and interfaces with the following:
e Multiplexer/Demultiplexer Assembly (MDA)
® Control Electronics Assembly (CEA)
e Table Maintenance Specialist Functicen (TM SPEC)
e PEP Control Display (PEP CNTL)
e Systems Softuware (SYS SW)

PEP software is organized into four principal functions within the SM com-
puter. The following paragraphs briefly describe the principal functions.
Figure 2.15-1 contains a block diagram of the functions performed within the
SM GPC and their external and internal interfaces.

In addition tc¢ the four principal functions, there are three processing func-

tions which are germane to the PEP detailed requirements:
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Figure 2.15-1. PEP Software (Systems Management GPC)

A. PEP Data Acquisition (PDA)--The PDA monitsrs the status of the
Multiplexer/Demultiplexer Assembly (MDA) and CEA-to-GPC communication to
determine if tha MvVA response data block is valid.

B. PEP Output Processing (POP)--The POP output. the results of the prin-
cipal functions to the MDA and CEA via the command data block.

C. PEP Specialist Processing (PSPEC)--The PSPEC organizes the sequence of
processing RDA, EXEC, and POP.

PEP SM Principal Functions

A. Executive Function (EXEC)-~The EXEC function performs function
initialization and calls the required principal functions in the proper

sequence to execute the selected software mode,

B. Power Switch Setting (PSS)-- The PSS function prevents more than one

regulator per bus having control authority, removes shunt regulators cperating
improperly from the buses, and provides the power cable disconnect function in
the event of an emergency.
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C.Status Mcnitor (SM)-- The SM monitors critical measurements obtained

from PEP units in order to determine if anomalies exist in equipment opera-
tion. Information is provided to System Software for CRT display of equipment
status.

D. Sense Voitage Setting (SVS)~~ The SVS compares the r2gulator voltage

settings to commanded values and commands changes to setting levels until

agreement is reached.

PEP Processor General Requirements
A. Initialize and seclf check the Electronics Assembly, Control (CEA) and
all interfzces with ADA components when power is turned on,

8. Accept control commands and provide digital data and ‘nternal status
to the Orbiter's Systems Management GPC.

C. Provide sequencing for cannister rotation and mast extension retrac-
tion.

D. Provide rotation drive levels for alpha and beta gimbeals.

Functional Requirenents

A. The CEA software should execute in a microprocessor, A minimum of two
channels should be available for data transfers between the CEA and GPC; one
channel for data transfer from/to a redundant micro- processor.

B. The CEA software program should perform ADA sequencing and array gim-
bal control upon receipt of commands input to the keyooard of the MCDS. It
would examine a location in memory to determine its mode of operation.

C. Gimbal Control Modes are classified as manual or automatic and should
consist of the following:

1, Manual Mode, Slew to Position - causes the CEA to slew to given

alpha and/or beta angles.

2. Manual Mode, Track at Constant Rate - causes the CEA to slew
alpha and/or beta gimbals at commanded angular rates.

3. Automatiec Mode, Track Sun - causes the CEA to maintain PEP array
faces perpendicular to the sunline based upon data provided by a two axis sun
sensor.

4, Automatic Mode, Trail Position - causes the CE? to %rack the sun
in one axis wnile maintaining the other axis in a given angular position in

respect to the velocity vector.
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D. A stop mode should be provided which terminates the current ADA activ-
ity and causes the ADA to revert to a sa'e condition.

E. A test mode (disabled during flight) would allow the loading and exe-
cution of special test software.

F. The software should monitor external events via digital or discrete
inputs and or analog signal. These should include latch pocition, shaft
encoder and sun sensor inputs. Provision should also be made for monitoring
solar array and other ADA component status and formatting and buffering this
data fe, transfer to the GPC.

Control Inputs--Control of PEP requires three generél types of inputs: (1)

those requirad to define the configuration of the Power Regulation and Control
Assembly (PRCA); (2) those which insure the proper functioning of the equip-
ment; and (3), those effecting the Array Deployment Assembly (ADA) in manual
and automatic modes. Table 2.15-1 lists the inputs for PRCA control while
Table 2.15-2 lists those for the ADA.

Control Display--Figure 2.15-2 illustrates the PEP Control Display Format.
Numbers on the figure are described below.

1. After engagement of the SPEE connector the power switch is acti-
vated. The status of the power switch (On/07f) is shown.

2. A command is entered via the keyboard to engage the power con-
nector. The status of the command (Engage/Release) is aisplayed.

3. A command is entered to rotate the canisters and extend the masts
after the Array Deployment Assembly has been placed in the desired position by
the RMS, The command is automatically sequenced by the A&rray Pointing Control
Electronics Assembly (CEA). The reverse operation is performed for retraction
of the arrays and canister stowage. Item 3 illustrates the command status of
canister rotation (CS, CCW) and mast extension and retraction (ETD, RTC).

4, The selected CEA mcde is indicated by two discrete bits (0, 1).
The bits indicate whether the manual mode (slew to position, constant rate) or
automatic mode (sun track, trail) are tov be performed.

5. The position of the Alpha (0°-360°) and Beta (0°-90°) gimbals is
displayed by Item 5.

6. Gimbal rate commands (0.5°/sec maximum) input via the keyboard
are displayed by Item 6.
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Table 2.15-1. Power Control Inputs (SM Computers)

H

i MDA power on/off Power distribution bsox
Voltage regulator no, 1 Voltage regulator 1
l- - enable/inhibit
. Voltage regnlator no. 2 Voltage regulator 1
- enable/inhibit
j- Voltage regulator no. 3 Voltage regulator 1
- - =nable/inhibit
Voltage regulator no. U Voltage regulator 1
i - enable/inhibit
’ Voltage regulator no. 5§ Voltage regulator 1
I - enable/inhibit
Voltage re~ulator no. 6 Voltage regulator 6

- enable/inhibit

-/

i_ Voltage regulator no. 1 Voltage regulator 1
- control authority on/off

l Voltage regulzcor no, 2 Voltage regulator 1
- control authority on/off

Voitage regulator no. 3 Vo.tage regulator 1

‘ ''On'' command
i - control authority on/off restricted to

one regulator
on each bus
(exclusive Ok

Voltage regulator ao., 4 Voltage regulator 1
- control authroity on/off

! Voltage regulator no, 5 Voltage regulator 1
- control authority on/off

! Voltage regulator no. 6 Voltage regulator 6
' - control authority on/cff
Voltage rzsgulator no. 1 Vcltage regulator 1
- voltage ad just level

Voltage regulator no. 2 Voltage regulator 2
- voltage adjust level

Voltage regulator no., 3 Voltage reguliator 3
- voltage ad just level

i Voltage regulator no. & Voltage regulator 4
- voltage ad just level

Voltage regulator no. 5 Voltage regulator 5
- voltage adjust level

Voltage regulator n . & Voltage regulator 6
- voltage adjust level
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Table 2.15-1. Power Control Inputs (SM Computers) (Continued)

MDA power on/off Power distribution box

Voltage regulator no. 1 Power distribution box
- switch - open/close

Voltage regulator no, 2 Power distribution box
- switch -~ open/close

Voltage reguiator no. 3 Power distribution box Open if I
- switch - oper/close

Voltage regulator no. U Power distrubution box current)
- switch - open/close

Voltage regulator no. 5 Power distribution box
- switch - open/close

Voltage regu tor no. 6 Power distribution box
- switch - open/close

In-flight disconnect Power distriuution box

-nuy., 1 arm

In-flight disconnect Power disconnect box 5

- no. 1 fire } follows
1 1in 10

Ia-7light disconuect Power distribution box sec, if no

- no., 2 arm disconnect

In-flight disconaect Power distribution box o

- no. 2 fire

7. Regulator sense voltage matching regulator outﬁut levels to the
bus are controlled to within 0.02 voits. Setting levels are displayed in Item
7 adjacent to their reference nimber desig.,ation.

§. The position of the power distribution contactors are set via the
keyboard. Their commanded positions to open or close are indicated by a dis-

crete bit (0, 1) adjacent to their numbler designation.

It should be noted that parameters associated with the ADA latches are dis-
played on the RMS display format tvpe SPEC/094 as follows:

A. A numeric value (1-5) wil. be displayed adjacent to PL SELECT to indi-
cate the payload selected to activate the circuitry associated with the reten-
tion latches. This reflects the position o:" the PL SELECT switch on Panel A6,

B. PL LAT RDY are discrete outputs providing an indication that A, B and
C micro switches selected by the PL SELECT switch are in the proper position
for latching. Text outputs are 1 or O.
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Table 2.15-2. PEP ADA Control Inputs (SM Computer)

Input

Destination

Nctes

Power connector
engage/releagse

Restraint release

Cannister rotate,
ma<* extend

Manual /automatic
mode

Suntrack/trail
submode

Slew to positicn/
~Jonstant rate
submode

Gimbal rate (alpha)

Gimbal rate (beta)

Power connector
actuator

Elec. assembly

Requires MDA ™ON"

control/solenoids

Elec, assembly
control/motors

Elec. assembly
control/motors

Elec. assembly
control/motors

Elec. assembly
control/motors

Elec. assemoly
control/motors

Elec. assembly

control/motors

Gimbal position
(al pha)

Elec. assembly
control

XXXX XXX PEP CONTROL )
PEP PW XXX PWR CONN XXXXXXX CAN ROT \IXXX — 2XXX
D= ¥ % N
@w/\’w/ XX MASTEXT DIXX  2XXX
GIMBAL POSITION INFLI({HT Di SCZONNECT
o AP ARM X X
BETA XXX FIRE X X
GIMBAL RATE
ALPH XX
6
BETA XX
REGULATOR ADJUST LEVEL
®\1 XXOXX 2 XOUXX 3 XX XX 4 XXLUXX 5 XXUXX 6 XX XX
PDB SWITCH SETTING
@8
X X2X3K4X5X6X )

Figure 2.15-2. PEP Control Display Format
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C. PL LATCHED are discrees indicating 2, B and C micro switches have

been latched. Text outputs are 1 or 0.

Status Display--This display provides the crew with the capability for
on~orbit monitoring of Array Deployment and Power Regulation and Cortrol

Assembly component failures,

Figure 2.15-3 is the PEP Status Display Format. It is formatted with data
processed by the Systems Management GPC with raw and semi-processed data

obtained from the PEP system. The data will be continuously displayed when the

PEP is in operation,

1. The gimbal rate portion of this display shows the actual rates
CEA and the actual rate derived
data with respect to time. The
status column after the actual

commanded by the rate algorithm witirin the
from changes of the shaft encoder position
rates are given in degrees per secouc. The

rates will display an "M" to indicate when

data is missing.

-
ALPHA ﬁ\ BETA
GIMBALRATE  ACT XX VU XXX S
CMD XX XXX
GIMBAL POS ACT XXX.X S XX.X S
CMD ___—= XXX. X XXX, X
PEP FAULTS
GIMBALS . ALPHA BETA
DAA X X
SPA X X —— ~
—r o
@_\5% X M/DA ICF PX BX/@
CEA MCEA PX BX POC PX BX
ICF PX  BX ARRAY X 2X
PROC PX  BX PDB SIX S2X S3X S4X
S5X S6X
CANISTER X 2% REGS RIX R2X R3X R4X
_ RSX R6X D
Figure 2.15-3. PE? Status Display Format
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2. Gimbal position is also provided in terms of actual and commanded
values, Commanded values will vary with mode; for manual modes the data will
be that input by the crew while that provided when in automati.. mode will be
that provided by the sun sensor and output by the CEA., The pesicion is given
in degrees. The status column a.ter the actual position will display an "M" to
indicate when data is missing.

3. PEP faults attributsble to the gimbal system are shown to ensure
that operations will be modified or halted should a failure occur. The
offending units comprising the Drive Actuator Assy (DAA), Servo Power
Amplifier (SPA) or Angle Encoder (AE) will be indicated by a down pointing
arrow (+),

4, Loss of the sun sensor or processor, indicated by a down pointing
arrow (+), is provided to indicate that the crew should revert to fixed rate
operation.

5. Loss of functions in the Control Electronics Assembly (CEA) are
indicated by a down pointing arrow (4) for orimary and backup systems. They
include faults within the multiplexing and encoding assemblies (MCEA),
interface control function (ICF) and microprocessors (PROC). Since the systems
are dual redundant their loss does not require mission cancellatiorn; alternate
units may be selected by addressing. However, the readouts allow the crew
and/or ground to assess reasons for the failure(s) and perhaps alter proce-
dures or improve environmental conditions.

6. Item 6 provides a similar assessment of a fault in the
multiplexer/demultiplexer assembly (M/CA). They include the interface control
function with the CEA and the power distribution control (rDC) module. A fault
is indicated by (;).

7. Failure of array or canister motors to operate is a critical
failure indicated by an (;). EVA action to fr.e or jettison the faulty unit is
required. Alternatively the ADA may be Jjettisoned.

8. Item 8 indicates a loss of either a switch or regulator and is
indicated by an (+). The option in either case is to reconfigure the switch
settings.
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2.16 AVIONICS THERMAL CONTROL REQUIREMEN?S

Ob jectives
The objective of this study task was to determine the suitability of the

thermal control design for ADA located avionics and electrical power cukpe-

nents.

Conclusions and Recommendations

Key Orbiter orientations and orbits were examined to define worst hot and
transient conditions. This analysis included effects of Orbiter bottom
infrared (IR) energy jwpinging on the array deployment assembly; solar and
re-reflecticn effects were not included., The hottest cnse identified consists
of an astronomy mission at 90° beta angle which locates the array under the
Orbiter bottom (~Z solar inertia).

The worst case transient occurs at low earth orbit where the avic..ics see high
levels of earth albedo and IR on sun side and then cold space on the shade
side of the orbit,

A compilation of avionics thermal requirements shows that non-operating limits
range as great as =22 to 1U9°F (=30 to 6S°C\. The smallest rarzec is 5 to 122°F
(-15 to SOOC). Some operating limits are more stringent, 32 to 1u9°F D to
HOOC) for sun sensor processor. Sustained power levels are small, the maximum
being 150 watts for the array diode assembly.

The thermal analysis showed that non-operating temperatures were low, down to

-79.6°F (-62°C). Electrical heaters or other means of obtaining heat input

will be necessary for non-operating cold cases.

The highest operating temperature occurs for control electronics, which
reached 98.6°F (37°C) at 90° beta condition when operating at 4C watts normal
power level. This is below the maximum allowable of 122°F (SOOC). The control
electronics would exceed the 122°F (50°C) 1limit if the 80 watt peak power

level was sustained.

The cursory analysis results reported herein indicate the feasibility of the
current PEF design to maintain avionics temperatures within limits. A more
detailed analysis is recommended for Prase C/D to precisely size heaters and

determine detailed design for the avionics components.
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Assumptions
The following assumptions were made.

o Heat is lost from the top surface of the components except for array
diode assembly which assumes top and two side surfaces.
e Insulation sized for 10°F (-12°¢) temperature drop between equipment
and surface at sustained power levels.
e Orbiter bottom surface characteristics, solar absorptivity/emmissivity
= 1.0,
e Orbiter orientations
--Spac2 Processing and Life Sciences - nose gravity gradient, =X
LV, Z POP (low beta)
--FEarth Observation - bay to earth, Z LV, Y POP (all beta)
--~Solar QObservation - bay to sun, Z SI (high beta)
—Astronomy - bay perpendi:ular to orbit plane, Z inertial, X IOP
(all beta)

e Avionics surface emmissivity = 0.9

Approach

The approach to assessing the suitability of the avionies thermal control
design was to calculate expected component temperature histories for severe
environment conditions and then compare the results with allowable tempera-
tures. Allowable temperatures for the components were obtained from supplier
data and is given in Table 2.16-1.

Table 2.16-1. PEP Deployed Avionics Cooling Requirements

Temperatures (°C)

Power (watts),

Item Operating Nonoperating nominal /max

Sun sensor processcr 0 to 40 -25 to 50 2.5/2.6
Control electronics 0 to 50 . =15 to 50 Lo/80
Actustor and power - -30 to 65 -
connectors

Drive motor =29 to 66 - 11.5/TBD
Array diode assy -65 to 115 - 150/150
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Worst case conditions for the analysis were determined by comparing the indi-
vidual contributions of earth infrared (IR) and albedo and Orbiter IR. Maximum
hot case and maximum orbital fluxuation cases were selected for analysis.

A two-node transient model was used to calculate temperatures at 10 points
around the orbit. Several orbits were run uitil the equipment temperature
change at the start of successive orbits was less than 0.05°F (0.028°C).

Results

Table 2.16-2 shcws the approximate levels of expected heat fluxes which would
impinge on the shade side of the array deployment assembly. The hottest envi-
ronment is expected to occur during an astronomy mission at high beta angle
where the bottom of the Orbiter produces the maximum infrared influx to the
avionics. Substantial earth IR also strikes the avionics for this condition.
The 90° beta condition is severe since the Orbiter/PEP is in the sun continu-

ously; the cooler earth shade environment is not encountered.

The greatest environment extreme cccurs with the astronomy mission a low beta
angle. Full earth albedo and IR are experienced during sun side operation and
cold space is encountered during shade »lde operation.

Table 2.16-2. FEP Avionics Incident Heat Fluxes for Typical Missions

Heat influxes

Beta Earth IR

Mission type Orientation angle and albedo Orbiter Total

Space processing -X LV Low Med to high Low Med
and life sciences Z POP

Earth observation Z LV All Med to high Low Med
Y POP

Solar observaticn Z S1 High Med Low Low

Astronomy Z inertial Low Med to high Low Med
X IOP

Low Med High Med to hige

*Worst case bottom to sun — PEP located 'inder bottom.
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Calculated avionics temperatures are given in Table 2,16-3 for expected levels

of poweir output and fu~ the two worst case environment cases. ™e allowable

temperature ranges are also given for reference. Power-on cases for the actua-
tor and power connectors and drive motor are not given since operation of this
equipment is of short duration, occurring only during deployment and retrieval

where vorst case orientations are not expected.

The results show that low temperatures occur when equipment is not operating,
ranging as low as -79.6°F (-62°C). Heaters or warm mounting locat.ons may be
necessary for these conditions. Normal operating power l=zvels result in
acceptable temperatures, however, the maximum power level of 80 watts for the
control electronics results in an over-temperature of up to 73.4 F (23°C) far
che hottest environment., The high power level is expected to be short dura-

tion, however, anc ' >t a design condition,

Table 2.16-3. PEP Avionics Cooling — Equipment Temperature Predictions

Temperature (°C)

Allowaule 5]
Power range 0" beta 90"
Item (watts) (°c) Maximum Minimum Dbeta
Sun sensor processor 0 ~25 to »0 -57(1) -62(1) -1k
2.5 0to ko  -301)  .35(1) 6
Control electronics 0 -15 to 50  -57(1)  _g2(1)  _1u
Lo O to 50 13 10 37
80 0 to 50 56(2) 53(2) 73(2)
Actuator and rnwer 0 -30 to 65 -57(1) -62(1) -14
connectors
Drive motor 0 -29 to 66 -57(1) -62(1) =14
Array diode assy 0 to 150(3)  _65 to 115 55 -3 82
(1)

(l Heaters may be required.
Not a sustained power level.
No power on shade side of orbit, 150 watts on sun side.
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2.17 THERMAL CONTROL CONFIGURATION DEFINITION

Objectives

This task compared active versus passive thermal control configurations for
cooling PEP voltage regulators. Since the thermal control configuration has a
major impact on overall PEP structural configuration, the trade addressed the
major affected program parameters of cost, weight. bay volume considerations
and ground operations.

Conclusions and Recommendations

The passive concept improves heat rejection, eliminates fluid interfaces
hetween the PEP and Orbiter and simplifies ground operations. These advantages
are offset somewhat by a 1/2 million dollar cost ircrease and a 38 1b (17.3
kg) weight increase. Some planned EVA routes may require minor modification
due to the assumed passive configuration location.

Use of the passive concept reduces the Orbiter heat rejection load by an
amount equal to PEP regulator parasitic loss, approximately 3 kw. This enables
the PEP/Orbiter to operate at higher power levels, up to 3.4 kw.

Freon 21 fluid interfaces between the Orbiter and PEP are eliminated with the
passive concept. This results in reduced complexity, Orbiter scar weight and
costs to modify Orbiter for PEP installation. Safety is improved because fluid
lines, disconnects and cold plates are eliminated. The passive concept is
Judged to be more reliable than the fluid concept. Ground operations are
simplified and schedules shortened by the elimination of fluid interfaces.
Orbiter serial impact time for initial installation is reduced from 34.5 hours
to zero by the passive conce>t. This corresponds to costs of up to 0.7 million
dollars in 1980 dollars. A significant time saving results for operational PEP
installation and removal of about 1.5 hours per operation.

Based on the results of this trade study, it is recommended that the passive
concept be studied in greater depth with particular attention given to the
following issues:

. EVA route intrusion

Orbiter bay thermal impact

1
2.
3. Use of honeycomb structure
y, Design optimization
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Satisfactory resolution of these issues is expected to provide sufficient data
for a final decision on passive versus active thermal control.

Assumptions
The following assumptions were made for the passive concept:

e Sun side regulator heat load = 2 92 kw ‘29 kw total power)
e Coating performance, zbsorptivity Lolar/emmissivity thermal = 0.105;
emmissivity thermal = 0.76
e 270 nm attitude
e Adiabatic surface on passive panel undersides
® 3 kw fuel cell power level in sun
e Regulator temperature limit at base = 150°F (65°C)
e 4 man/orbiter crew
@ Flash evaporator performance limit = 30 1lb/hr (13.6 kg/hr) of water
throughput
e Heat pipe temperature drop = 10°F (5.6°C)
e 6 regulators with baseplate of 16 x 20 inches (40.6 x 50.8 cm) for each
regulator
e Orbiter orientations
1. Earth viewing, XPOP, ZLV and YPOP, ZLV with 45° roll (low beta)
2. Solar observation; ZSI (high beta)
3. Space processing and life sciences, =-XLV, ZPOP (low beta)

Approach
The approach to this trade is shown in block diagram form in Figure 2.17-1.

The trade compares the passive versus reference design active configurations
by examining the change in key program parameters when incorporating the
passive concept.

Referring to Figure 2.17-1, initial trade tasks included identification of key
trade criteria and definition of recnuirements to be used in the passive con-
cept preliminary design. These requirements are derived primarily from the
reference design effort but supplemented in areas unique to the passive

apprcach.

A preliminary design was generated on the passive concept to a depth consist-
ent wi' . the reference design with particular attention given to characteris-

tic definition corresponding to the trade criteria. Supporting analyses were
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Fisurs 2.17-1. Approach to Task 2.17 — Thermal Control Configurations Definition

performed to 1) determine adequacy of the design, 2) develop detailed data
corresponding to trade criteria and 3) determine performance characteristics,

The configurations were then compared in a systematic manner based on the
trade criteria. The preferred configuration was selected and recommendations
made for program action,

Results

The passive thermal control requirement is to provide up to 2.92 kw of cooling
for the PEP voltage regulators and limit the temperature to 150°F (65°C).
Location of the PEP equipment is constrained based on EVA path and payload
reserved volumes. EVA reserved envelopes summarized in Figure 2.17-2 were

obtained from "Space Shuttle System Payload Accommodation," .JSC 07700, Volume
XIv.

Figure 2,17-3 presents the passive thermal control configuration in isometric
form. The configuration consists of two flat panels, each is positioned
between the Orbiter sill and a point just above the airlock. The two panels
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Jjein at this point by a hinge connection. The panels are aft of the airlock
hatch to preclude interference with hatch operation during EVA. Heat from the
voltage regulators is distributed over the panel surfaces by heat pipes and

subsequently rejected to space.

Extruded sections are welded together to form the panels. These extrusions
crntain the heat pipes, the radiating surface and flanges for mounting the
regulators on the panel underside. Additional stiffening panels are added to
obtain adequate rigidity to withstand vibration, acoustics and acceleration
loais. Thermal characteristics of the radiating surface is provided by silver
teflon material with a low ratio of solar ab.orptivity/thermal emmissivity.

A previously developed ammonia heat pipe was selected for the design which
minimizes program risk and cost. This is a NASA-GSFC aluminum heat pipe with
an inside diameter of 0.344 inches (0.87 cm) and a standard 0.0425 inches
(0.11 cm) deep axial groove geometry.

A weight statement for the candidate thermal control configurations is given
in Table 2.17-1. Structural/mechanical weights are higher by 77 lbs (35 kg)
for the passive configuration because of the heat pipe and extended surface
requirement ., This is only partly offset by elimination of thermal control cold
plates, 47 1bs (21.4 kg). Power distribution cables are -6 1lbs heavier for
passive because low voltage csble runs are longer. The total weight of the
passive configuration is 38 1bs (17.3 kg) greater. This weight is offset some-
what by SCAR weight to Orbiter for fluid lines which amounts to about 13 lbs
(5.9 kg).

Regulator Temperatur: Limits——Performance capability in terms of regulator

temperatures was performed at ‘wo levels of detail. A detailed computer analy-
sis was prrformed using TRASYS and SINDA computer programs for key orbital
conditions. The model consisted of 136 noues for the Orbiter and 18 nodes for
the passive thermal control panels. This mode: was also used to assess the
thermal effect of the passive configuration on the Orbiter payload bay.

A less detailed analytical approach was used to determine performance for all
orientations which the PEP/Orbiter is expected to fly. This analyvsis assumed
an adiabatic surface on the panel undersides anc¢ the Orbiter radiator panel
effect was included in a cursory manner., Results of this simplifiea analysis
approach agreed weli with the detailed methods discussed in thz above para-
graph.
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Table 2.17-1. Thermal Configuration Weight Statement

cwtan WM =y m - '-'a:‘«‘lny\'&h'w

Configuration (values in

pounds)
Active Passive
Solar array 1031 1031
Blanket assembly 615 615
Solar array wing box assembly 160 160
Solar array mast assembly 256 256
Structure/mechanical 300 375
Solar array supt. struc. assembly 126 126
Pwr regulation equip. supt. struc. assembly 68 143
Solar array canister supt. mech. 33 533
2-axis solar array drive gimbal assembly T3 73
Power distribution anc regulation 698 703
Power distritution equipment ST 97
Voltage regulation equipment +32 L32
Distribution cables 169 174
RMS power cable assembly 101 101
Thermal control Ly 0
Avionics 92 9k
Totel weight (1b) 2266 2304
Weight delta (1b) +38

Results of the de*ailed analysis is given in Figure 2.17-4 in terms of 4 node
temperatures of over several orbits. Node 821% represents the regulator base
temperature. The orientation is for Orbiter nose towards earth with vehicle
hold to minimize solar energy on Orbiter radiators. This is s favorable orien-
tation and is typical of 2 low G long duration mission suza as life sciences

or material processing,

Data from the figure shows a regulator temperature variation of 47 to 96°F
(8.3 to 35.6°C) over the orbit which is well below the 150°F (65°C) maximum
allowed.

Figures 2.17-5 ana 2.17-6 show the results of less detailed analyses. Orbital
temperature variation is given in Figure 2.17-5 for key orientations. The

gravity gradient orientation agrees with the detaiied analysis results. Tem-
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Figure 2.17-6. Passive Thermal Control — PEP Equipment Temperatures

peratures for bay down orientation are from 80 to 120°F (26.7 to US.QOC) which
also is well below the limit. Stellar pointing orientation is not shown in the

figure, temperatures are between those for gravity gradient and bay down.

Results show that regulator temperature limits are exceeded for direct solar
viewing at 90o beta angle and a power level of 29 kw. Regulator temperature
limits can be maintained, however, at electrical power levels below about 27
kv. The main reason for the much higher regulator temperatures for the solar
pointing case is due to the full sunlight orbit resulting in continuous regu-
lator treat output and continuous hot environment. The slight deficiency in the
passive design can be corrected by providing slightly larger panels. This may
not be appropriate considering Orbiter performance at high inclinations with
regard to payload launch capability and heat rejection capability. Orbiter
heat rejection copability limits power output to about 17.4 kw for sustained
operation and solar pointing operation. Power levels above 29 kw are possible
but time limited due to water storage limits; i.e., more water is required for
flash evaporation coocling than is being generated by the fuel cells. Since the

fuel cells are at idle for 90o beta operation, considerable time is reguired
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to store significant amounts of water. Therefcre, sustained operation at near
the 29 kw power level is unlikely and so %Y 2 27 kw power level 1. mit imposed
by the current passive configuration is t to not be the limiting factor for
solar pointing operation.

Heat Rejection Limits--Heat rejection limits in terms of allowable power lev-
els for Orbiter/PEP are given in Figures 2.17-7 to 2.17=10. The figures give

maximum power levels for Orbiter without PEP, Orbiter with the reference
design PEP with active cooling and Orbiter with the PEP passive configuration.
Three levels of flash evaporator system operation are shown corresponding to
no operation, sustained where just the amount of generated available water is
used and maximum where the flash evaporator is operating at full capacity.
Crew water use has been accounted for in determining sustained operation lim-
its.

Figure 2.17-7 represents the most severe orientation and it can be seen that
use of the passive configuration increases aliowable power levels over Crbhiter
without PEP for inoperative or maximum flash evaporator operation. This is
because fuel cell waste heat is lower with PEP. However, power levels for sus-
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Figure 2.17-7. Heat Rejection Performance Comparison ~ Active versus Passive Earth Viewing
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tained flash evaporation is less with passive PEP than Orbiter alone because
the water generation rate is lower due to the idling fuel cells in sun when
PEP produces most of the power. Therefore, less water is available for cool-

ing.

The passive configuration offers a significant improvement over the active
cooling configuration for earth viewing shown in Figure 2.17-7, amounting to
0.8 to 1.3 kw additional power level.

Heat rejection performance for a less severe earth viewing orientation is
given in Figure 2.17-8. This orientation is nose along velocity vector with
bay rolled u5° from local vertical. No difference in performance exists for
operation with no flash evaporation cooling because shade side capability is
controlling. This occurs because shade side required heat rejection is larger
due to large fuel cell waste heat loads in the shade. Based on the data in the
figure, the passive configuration allows up to 1.6 kw higher power levels for
this orientation.
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A favorable orientation of nose gravity gradient with roll is given in Figure
2.17-9. The passive concept allows up to 2.5 kw higher power levels. Since the
maximum PEP power output of 29 kw can be accommodated with the active
configuration, the increased capability can be considered a performance
margin.

Figure 2.17-10 skows that for solar viewing the passive concept results in 1
to 3.4 kw higher allowable power levels. The improvement of 2.1 kw for no
flash evaporation is particularly significant since little water is available
for 900 beta operation. This results from the reduced fuel cell operation
which produces only 1.5 lbs/hr (0.68 kg/hr) of water for cooling use.

Summarizing, the passive configuration offers significant performance gains in
terms of higher allowable PEP/Orbiter power levels a3 limited by heat rejec-
tion. This improvement amounts to power levels up to 3.4 kw for solar pointing
with maximum flash evaporator cooling. Values for inoperative flash evaporator
are up to 2.1 kw higher. This is particularly significant for earth viewing,
stellar and solar pointing orientations where an inoperative flash evaporator

may be advantageous to avoid water vapor in sensor fields of view.

Ground Operations--The aspects of ground operations which are particularly

impacted by thermal control configuration are; (1) serial impact time to
Oorbiter during initial PEP installation and (2) time requ..2d for operational
installation and removal. Complexity and number of tasks required are also
important because of effects on ground crew size and potential turnaround
schedule holds.

Analysis of initial installation time lines shows that 48 hours are required
for .routing, installation, brazing and X-raying the interfacing freon fluid
lines in the Orbiter. The passive configuration does not require these tasks
thereby eliminating 34.5 hours of serial impact time to the Orbiter. Cost sav-
ings for this impact could amount to as high as 0.69 million dollars. This
cost is based on a serial impact cost of 20K dollars per impact hour in 1980

dollars.

Tasks associated with operational installation amounts to 1.5 hours for fluid
line connections. Operational removal requires 1.0 hours for disconnecting
fluid lines. These tasks are not required for the passive concept and repre-

sent a savings in the timeline.
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Some other ground operational tasks will be altered for the passive concept;

however, complexity and time requirenents are estimated to be similar to the

reference active configuration.

Vibration/Acoustics--An acoustics/vibration analysis was performed to deter-

mine the adequacy of the passive design. Results showed the adequacy of the

current design to withstand the induced Orbiter environment.

Bay Thermal Effects-~-The SINDA computer program was used to calculate payload

bay temperatures near the passive thermal control panels, Results are shown in

Figure 2.17-11 for 5 orbits and a vehicle orientation of nose gravity gradient

with Orbiter roll for favorable radiator viewing. Adiabatic panel undersides

were assumed. The temperatures of key bay liner nodes show an orbital range of
from about -200 to ROOF (-129 to -QOOC). This temperature range is within the
-250 to 20C°F (-156.7 to 95.5°C) range expected for bay surfaces specified in
JCD 2-19001, Shuttle Orbiter/Cargo Standard Interfaces.

100.0
50.0
0.0
50.0
™
« . |
u
- 4 -100.0 - W
Q
w
[a]
-150.0 |-
LEGEND L/DW
2000} O = NODE 619 -of|
O = NONE 549
A = NODE 679
-250.0
3000 1 1 | 1 ] 1 1
0.0 1.0 2.0 3.0 40 5.0 6.0 7.0
TIME (HOURS)

Figure 2.17-11. Power Extension Package Payload Bay Liner Temperatures — Beta = 0.
Nose Toward Earth, One Roll Per Orbit.
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The low temperatures resulting from this ana.ysis suggest the possibility of
higher performance for the passive concept if heat loss from panel undei'sides
is allowed.

Costs--Table 2.17-2 gives the costs of items impacted for a program change
from the reference design to the passive configuration. Hardware costs for
passive are about 270 thousand dollars higher. The higher costs for heat pipes
is not quite offset by cost savings for eliminated active components. Addi-
ticnally, system level costs are about 230 thousand dollars higher resulting
in a total cost differential of 503 thousand dollars,

Cost estimates presented in the above paragraph do not include passive
configuration cost savings for reduced G3E, simplified ground operations and
elimination of Orbiter fluid interface modifications.

Table 2.17-2., Cost — Passive Versus Active Th~=rmal Contrel
(in thousands of 1978 $)

Passive Active
Heat Pipe $ 780 Support Rack $ 290
Cold Plates 228
Plumbing 50
Trunions 50 Fittings 40
Cable 1,481 Cable 1,434
HARDWARE TOTAL $2.311 HARDWARE TOTAL $2,0u42
System Level 2,004 Jystem Level 1,770
TOTAL $4,315 TOTAL $3,812
Delta $ 503

Volume Intrusions--The passive configuration potentially intrudes into the

payload volume to a greater extent than the active configuration. There is an
intrusion above the sill, from x-axis Station 639.5 to 679.5. Referring to EVA
requiremencs, Figure 2.17-2, the passive configuration does not intrude into
area 1-A whi:ch consists of the first 48 inches (122 cm) in the carco bay.
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The passive concept reduces the EVA routes shown for airlock outside
configuration, 1-B., This route is intended to provide access into the Orbiter
bay. Since the passive panels restrict an FVA directly to the area above the
airiock hatch, routes may have to te altered so the EVA crewmen get to top bay
region from the front bulkhead area. The passive configuration is not believed
to unduely restrict this type of operation.

Area 1-C, shown in Figure 2.17-2, is required only for those missions wherein
experiments may be deployed outside the dynamic envelope or where other exper-
iments require EVA. A proposed alternate route is over the top of the passive
panel near the top hinge line of the panels. Hand rails will be required
across the panel and perhaps along a portion of the edge as required for EVA
translation from the airlock top door to the back of the airlock. Some means
of nwrotection should also be considered to prevent damage to the thermal coat-
inis along the top of the panels. It is felt that an acceptable EVA path can
be obtained with the passive concept.

The passive configuration potentially intrudes into payload volume for "Get
Away Specials" type payloads located in the passive panels sill support area,
Stations 639.5 and 679.5.

Loss of this area for payloads would not significantly reduce the total volume
available to payloads. Therefore, intrusion of the passive configuration into
payload volume is not believed to be a significant factor.

2.18 ORBITER DAP UTILIZATION/INTERFACE EVALUATION
Qb jectives

The object of this analysis was to evaluate potential constraints on the
Orbiter DAP when operating wilh PEP. Areas addressed were RCS thruster selec-~

tion, limit-cycle operation and Orbiter maneuvers,

anglusions and Recommendations

The following preliminary conclusions are based on the discussion below. A
0.02 Hz solar array wing cantilever frequency and a 200 ft-lb array mast
strength were assumed based on the structural design criteris work reported in
Sertion 2.8.

e The PEP will impose constraints on the Orbiter DAP; these constraints
will have to be defined on a mission specific basis,
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? Nominal limit cycle operation should use the VRCS

o Preliminary results indicate that inhibiting certain Orbiter limit
cycle frequencies will not be required if a relatively small amount of PEP
compliance structure damping (one percent of critical) exists.

o The PRCS may be used for nominal limit cycle operations when
insignificant plume impingement occurs.

e Maneuvers can be initiated with either the PRCS or VRCS. For mareuver
rates greater than 0.C3 to 0.04 deg/sec, the solar ar*ay must be oriented so
that a thruster plume will not impinge directly on the surface of the array
(i.e., thrust vector perpendicular to the array surface). Essentially any
maneuver rate is possible with the VRCS from a dynamic load viewpoint when
plume impingement does not occur. Maneuver rates with the PRCS will be limited
to 0.15 deg/sec to near 1 deg/sec depending on RMS and array orientation when
no impingement occurs.

¢ Inhibiting certain thrusters to minimize plume impingement appears
feasible (rotational controllability maintained) with the PRCS from a thruster
location and orientation standpoint. Actual DAP software jet select logic must
bv ocalyzed to verify this, however, The forward jets should be inhibited when
the array is fcrward and the left side jets should be inhibited when the array
is positioned to the left. Only PRCS thrusters with plumes above the Orbiter
should be used wuen the array is below the Orbiter. Orbiter translational con-
trollability cannot be maintaired in g2neral when these thrusters are
inhibited.

e Inhibiting VRCS thrusters to minimize plume impingement is not required
except for maneuvers where plume impingement is significant., The limited num-
ber of VRCS thrusters make inhibition of VRCS thrusters undesirable though
geometrically feasible if ornly cne VRCS thruster is inhibited.

Approach/Discussion
Orbiter-induced PEP dynamic loads result from Orbiter motions and RCS thruster
plume impingement. Attitude motions can be divided into 1limit cycle motions

and attitude maneuvers. The dynamic loads are treated in Paragraphs 2.8 and
2.1 and some additional limit cycle analysis and specific DAP-related

discussions ar~ presented here.
A first-cut approach to the loads due to Orbiter limit cycle analyzea the mast

root moment sensitivity to idealized one- and two-sided limit cycles. A
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Fourier series representation of the Orbiter ideal 1limit cycle rate histories
was used with an Orbiter-rate-to-mast-root-moment transfer function to gener-
ate mast root moments per deg/sec as a function of limit cycle period. The
solar array/compliance structure was modeled as a single axis rigid array con-
nected to Orbiter rotation through the mast root compliance structure. The
compliance structure frequency was 0.02 Hz and the compliance structure damp-

ing was varied.

Twenty-five high fidelity Orbiter on-orbit flight control simulation results
were obtained from JSC/LEC (Space Shuttie Functional Simulation--SSFS). These
simulations were for a rigid Orbiter and did not include a deployed PEP. Since
PEP is relatively light, it was assumed that simulation results were valid.
Each case simulated one orbit and was reviewed and the limit cycle rates,
period between thruster firings (minimum, maximum, average), minimum impulse
bit and type of limit cycle (one- or two-sided) determined. The cases inciuded
both the PRCS and VRCS and several orientations,

Plume impingement moments were evaluated by graphically integrating the
thruster pressure distribution over the array. Plume force and moment impulse
per Orbiter rate change was used so the effects on the PEP could be inter-
preted directly as a functicn of Orbiter rate change rather than thruster
vn-time. Two solar array positio re analyzed for plume impingement. One
with the array parallel to the x-z plane and the RL.3 extended maximum to the
left (RMS/PEP Position 2, Figure 2.8-1). The second is with the array below
the Orbiter and directly below an aft thruster (Position 3, Figure 2.8-10).
Restricting various thrusters from firing when the array would lie in the
plume is a potential solution to plume loading.

Orbiter angular rate changes cause linear and angular rate changes of the PEP
which result in dynamics structural loads. These loads were evaluated (Para-
graph 2.8) with a simplified model and preliminary maximum allowable Orbiter
angular rate changes were defined. DAP operation must preclude angular rate
changes exceeding the PEP constraints. If high rates are required, the rate
must be implemented gradually to reduce the array and RMS loads. These con-
straints will vary on a mission specific basis and can be minimized by judi-

cious RMS/PEP placement.
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Resvlts

Figures 2.18-1 and 2.18-= define the peak mast root moment on each wing per
Orbiter limit cycle rate as a function of limit cycle period for several com-
pliance structure damping ratios. Both two- and one-sided limit cycles are
included. Only the peaks are shown but the function is continuous as a func-
tion of limit cycle period. Between each peak, the function drops to the 200
to 300 ft-1b/deg/sec level for all cases. N.ie that the one-sided limit cycle
peaks every 50 seconds of limit cycle period (both even arnd odd harmonics)
while the two-sided limit cycle peaks only every 100 seconds (odd harmonics).
Assuming that the mast root moment limit is 167 ft-lb (200 ft-1b minus 33
ft-1b due to blanket tension), a VRCS limit cycle rate of +0.006 deg/sec, and
an 0.01 compliance dam~'ng ratio, there is no requirement on Orbiter limit
cycle period. This correlates with the simulation results discussed in Para-
graph 2.14, Reducing the damping ratio to 0.001 constraias the Orbiter limit
cycle period to be larger than 150 seconds for the two-sided limit cycle case
and greater than 50 (or possibly 100) seconds for the one-sided limi. cycle
case, Figure 2.18-3 defines the relationships becween limi{ cycle period, ra.e
and attitude for the two- ind one-sided limit cycle trajectories,

The above discussion is worst case from the viewpoint of limit cycle period
since it assumes an ideal limit cyvcle operating at exactly a frequency which
is a harmonic of the 0.02 Hz compliance frequency. As discussed below, actual
limit cycles are much more irregular, The mast root moments shown in Figures
2.18-1 and -2 are not conservative from a plume impingement viewpoint since

plume impingement is not included.

Realistic Orbiter limit cycle characteristics were available from the 25 simu-
lation cases obtained from JSC/LEC (SSFC). The attitude dead bands were 0.1
aad 0.5 degrees for the VRCS and one and three degrees for the PRCS. The ori-
entations included Z-axis local verticals, inertial holds and passive thermal
control (PTC) avtitudes with the X-axis in the orbit plane and canted 45
degrees from the orbit plane, The PRCS limit cycles were two-sided in all axes
except for three Z-axis cases which exhibited a combination over a complete
orbit, The VRCS limit cycles were both one-sided and two-sided depending on
the external moments. Of primary interest were the limit cycle rates and the

time periods between firings which defined the limit cycle frequency content.
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Figure 2.18-1. Peak Mast Root Moment Per Wing, Two-Sided Limit Cycle
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Figure 2.18-2. Peak Mast Root Moment Per Wing, One-Sided Limit Cycle
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Figure 2.18-3. Orbit Limit-Cycle Period, Rate, and Attitude Relationships

The maximum PRCS limit cycle rate observed was +0,06 d«g/sec. Similarly for
the VRCS, the maximum limit cycle rate seen was +0.01 deg/sec (X-axis). The
maximum seen about the Y- and Z-axes was +0.006 deg/sec with the VRCS.

The minimum angular rate changes due to minimum impulse bit firings observed

in the 25 cases were about:

[ PRC3
: Roll (X-axis) 0.06 deg/sec
i Pitch (Y-axis) 0.05 deg/sec
; Yaw (Z-axis) 0.045 deg/sec
! VRCS
{ -
: Roll (X-axis) 0.006 deg/sec
[ Piteh (Y-axis) 0.002 deg/sec
b Yaw (Z-axis) 0.002 deg/sec
Some smaller changes were observed, but these are considered typical.
. The limit cycle periods observed were very irregular. Tais is due primarily to
the time varying external aerodynamic and gravity gradient moments and also,
- . 147
"= MCOONNELL nouaa.(&
—r . e = i
. v '_ v ‘ N . I‘ - . N . : . ) }
' I ' WH 7 ey
Yt i —— — SRR 23 e, A souipme — .

g e T

o \e
[
-
. -

¥

P WA 1 Y il

o e

P



-

;%‘“’“‘"‘ e e | "
. N * o r C- ‘ 4

\‘\

due to the non-symmetric control accelerations and complex thrustsr on-off
logic, Because of the extent of the limit cycle irregularities obsersed, it
Was not possible to accurately define the frequency content in the limit
cycles. Consequently, the potential for limit cycle interaction with the PEP

compliance structure resonances could not be significantly limited. Paragraph

2.14 discusses some effort at quantification of the interaction effects,

The plume impingement analysis showed that the PRCS and VRCS plume pressures

varied anproximately as the thrust level., Since the lever arms associated with

“the primary and vernier thrusters are about the same, the solar array pliae

impingement impulse for a given Orbiter angular rate change is approximately
the =ame for the PRCS and the VRCS. The negative aspect of using the PRCS is
that the limit cycle rates are higher than for the VRCS because of the rela-
tive minimum impulse bit magnitudes. Thus, the limit cycle plume loads are
effectively greater for the PRCS. For maneuver rates larger than the PRCS min-
imun rate change, PRCS or VRCS thrusters may te used if the rate change con
straints are met since the loads will be the same. Plume load calculations are
discussed in Section 2.8. The maximum plume load condition is fcr RM3 Position
3 (see Figure 2.8-10) with the solar array 38 feet below the aft thrusters.
The allowable pitcii rate change is 0.03 deg/sec when an 0.02 Hz compliance
frequency is used (Figure 2.8-10). Similarly in Position 2, the maximum yaw
rate change is 0.04 deg/sec when the solar array is in the thruster p.ume and
perpendicvlz= to it. These rate changes are smaller than pos.ible with the
PRCS as r-tel in the JSC/LEC (SSFC) simulation results.

Plume impingement for RMS/PEP Position 1 (Figure 2.8-1) is relatively small
compared to Positions 2 and 3 if the forward thrusters are inhibited. Complete
attitude control is possible using only aft thrusters if primary thrusters are

used for pitch-up accelerations.

Jrbiter maneuver iimitations are defined by Figures 2.8-8 to 2.8-10 and dis-
cusse. in Paragraph 2.8. For any large rate mansuvers, the array must not fall
significantly in a jet plume since the loads are excessive. The inertial load
constraints are less restrictive than the plume load constraints. An alternate
plume load reduction approach for large maneuvers is to "feather" the array by
manually commandinrg the Beta gimbal., Plume loads w.ll be reduced by atout 90

percent and the thermal constraints may become dominant. Either primary or
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vernier thrusters may be used for the maneuvers as long as the rate change

constraints are observed.

The following results are based on Figures 2.8-8, 2.8-9 and 2.8-10 (200 ft-1b
mast strength), and a 0.02 Hz compliance frequency when the array is not in
the thruster plume. The three case:r analyzed are considered worse case for
each RMS position. Position 1 limits the pitch maneuver rate to 0.15 deg/sec
with the array along the Z-axis and 1 deg/sec with the array along the Y-axis.
The 1 deg/sec is large because with the array along the Y-axis, the pitch
array moment of inertia is very small and the compliance structure attenuates
the plunge load effects. The rate change limit in Position 2 is 0.22 deg/sec
(no plume effects) or more depending on the array orientation and maneuver
axis. RMS/PEP Position 3 limits the pitch maneuver to 0,35 deg/sec when the

array is out of the plume.

2.19 POINTING/CONTROL AVIONICS CONCEPT AND OPERATIONS ANALYSIS

Objectives

To analyze reguirements/criteria for array extension, rotraction and Alpha/
Beta gimbal control for various PEP operational phases and define systen
functions/specifications for integration into the Electronics Assembly, Con-
trol (CER).

Conclusions and Recommendations

The keyboard functions/commands necessary to effect array extension, retrac-
tion and gimbal conrol were defined. In addition, CEA requirements for
initialization and self test were developed along with microprocessor

functional flows and function timing.

It is concluded that software organization and microprocessor operation is
similar to that employed in the Spinning Upper Stage Sequence Control Assemhly
(SCA) and that much of the work performed on the SCA is applicable to this

program,

Approach
This task is an extension of the results of Tasks 2.14, Solar Array Control

Avionics Requirements/Criteria Definitions and 2.15, Control Systems Manage-

ment - GPC and Array Control Processor Interface Definition. In some respects,
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the analysis has been reo~’ nted to provide data of interest to NASA personnel
as defined by action items.

In general, operations to be performed after the application of powar to the
CEA were reviewed and means for implementing these operations were hypothe-

sized.

Assumptiors
e A microprocessor will be employed for CEA peripherals control.

e The connection between the CEA and the GPC will consist of data bus
only.

e The input for commands to the CEA and display of CEA data will be via
th2 MCDS only.

Results

The results of the analysis are contained in the following paragraphs.

QOperational Controls--Since the PEP employs only one panel-mounted switch,

which is for power turn on/off, no AFD-generated interrupts are generated. An
external clock interrupt will be required for software sequencing. Keyboard
commands will be eritered via the MCDS keyboard ard, when received by the hard-
ware, placed in microprocessor Random Access Memory (RAM). An interrupt can
then be generated to tell the software that a command is in the buffer.

Keyboard Commands—-The CEA should be capable of receiving the following com-

mands and executing them upon receipt.

1. Set Discrete Output--Commands the software to set a specific output
which is specified by the second data byte.

2. Reset Discrete OQutput--Communds the software to reset a specific out-
put which is specified by the second data byte.

3. Select CEA Unit No. 1 to Transmit--Enables CEA Unit No. 1 to transmit
while inhibiting Unit No. 2.

4, Select CEA Unit No. 2 to Transmit--Enables CEA Unit No. 2 to transmit
while innibiting Unit No. 2.

5. Rotate Canisters and Extend Masts--Command will only execute if pre-
ceded by a command to set discretes enabling canister drive motors.

6. Retract Masts and Rotate Canisters--Command will only execute if pre-

ceded by a command to set discrete enabling canister drive motors.
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7. Release Canister FRestraints--Command will only execute if preceded by
a command tC set discretes enabling latch release solenoids.

8. Latch Canister Restraints--Command will only execute it preceded by a
command to set discretes enabling latch solenoids.

9. Start Manual Mode--Slew to position sequence.

10. Start Manusl Mode--Constant array rate.

11. Start Automatic Mode--Track sun.

12. Start Automatic Mode--Trail position.

13. Transfer Data Command--The software should maintain a transmit buffer
containing status fields from both units (1 and 2) of the CEA. The buffer need
be updated no more than once a secénd.

Initialization--Upon turn on of the CEA, the software should perform self-test

routines verifying internal CEA operation. These tests would include (1) the
CPU internal registers, (2) ROM creck sums, (3) RAM tests, (4) digital and
discrete input operation, and (5) power supply voltage levels (see Figure
2.19-1). Upon test completion of all CEA functions, internal registers could
be initialized, the discrete and digital data checked against tables in data

base, interrupts enabled and an idle loop entered.

Operation--Subsequent to initialization the software, as shown by the timing
diagram in Figure 2.19-2, should:

A. Poll all variables

B. Enter varicbles in buffer

C. Schedule work in activity queue

D. Perform work in activity queue

E. Return to idle loop

The receipt of commands and their implementation would follow the flows of
Figure 2.19-3, i.e., upon receipt of Command No. 7, wing box restraints would
be released and the event displayed upon the MCDS CRT. This would be followed

by Command No. 5 and aiso verified by the crew.

Upon receipt of Commands 9, 10, 11 or 12, the gimbal drive sequence would be
entered which provides outputs to the gimbal servo amplifiers. The process
would be governed by the computation of the equations defined in Task 2.13,

Solar Array Control Avionics Requirements/Criteria Definitions.
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2.20 EMC ANALYSIS

Objective
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BUFFER
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5

RESET
BUFFER
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K ]

RESET GPC
CMD FLAG

RETURN

To determine the radiated electric field intensity external to the Orbiter due

to Orbiter transmitters and antennas.

Conclusions

High field intensities impinging on PEP will be produced by the Ku band commu-
nications (=149 V/M) znd the S-band high power (100W) quad antenna systems

(9 V/M). Since PEP does not operate at these frequencies shielding and

filtering of circuits should be highly effective. It is recommended that r-¢

signals and signal thresholds be as large as permissible (consist..ut with
available transtorized logic elements) and that care be exercized in

grounding/shielding PEP assemblies.

Assumptions

e Antenna localions are as shown in Figure 2.20-1.

e Transmit power levels, transmit losses and transmit antenna gnins as

specified in Space Shuttle Communicationus and Tracking RF Link Circuit Margin
Summary, EH2-M/79-039, dated April 1979.
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Figure 2.20-1. Antenna Element Locations on Vshicle

Approach
The initial step was to determine the distance at which a beam would be well

formed. This occurs at a distance of:
174 D%/

Where:
D is the diameter of the illuminator
A is the wavelength of the radiation

For the Ku band antenna a distance of 12.5M results.

Two methods cf calnulating the electric field strength were then considered.
Method 1--The Ku band transmitter power to the antenna was found to be 13 dB
(20W) or transmitter power output of 17 dB~-4 dB attributable to circuit
losses. The power would radiate through an area defined by the distance to the
object and the approximate antenna beamwidth.

Given a 1.6 degree beamwidth for the Ku band antenna a distance between the
antenna and PEP of 14,6M, the diameter of the beam would be 14.6 X 1.6/57.3 =
0.41 meters and its area would he 0.13 square meters. Since the beamwidth is
specified as the radiation half pcwer points, the power density (P ) was taken
as total radiated power/2 X 1/0.13 = 76 H/mz. The electric field igtensity was
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then found to be 169 volts/meter using the equation = (PD X 377)1/2 where

377 is the free space impedance.

Since ancenna gain is defined as the ratio of the power intensity of the sub-
ject antenna to the power intensity of an omnidirectional antenna with the
same power input, it can also be looked upon as the ratio of the area of a
sphere of radius R to the radiation area of the subject antenna's beam at

radius R; 1.e.,

T
o+ - 2
2
Ay
where
P1 = subject antenna power intensity
P2 = Reference antenna power intensity
A1 = Area covered by subject antenna's radiation
A2 = Area covered by reference antenna's radiation

Then multiplying the gain by the power input to the antenna and dividing by
the area of the reference antenna yields the power density at the range of

interest or

2
P -pPa/A =Pa A /A1 A_ = Pa G/A2 = Pa G/UnR

D 1 2 2
where
PD = Reference an tenna power density
Pa = Power to reference antenna terminals
G = Gain
= Distance

But Pa G is simply the reference antenna isotropic radiated power (EIRP) and
the electric field intensity can now be found as before; i.e.,

172

=y 377y = e x 37 ) x 1R

For an EIRP of 52 dB from the referenced document and a range of 14,6M the
electric field intensity is found to be 149 volts/meter which is within 124 =7
the figure obtained by Method 1. Due to its simplicity Method 2 was selected
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to calculate the field intensities for all Orbiter antennas in use when PEP is
deployed.

Results
The field strengths calculated as a function of distance between the Shuttle
antennas and PEP are shown in Table 2.20-1.

Table 2.20-1. Electric Field Intensities Produced by Orbiter Antennas

Transmitter Spherical Field

power coverage strength
A1tenna (W) (%) (V/M)
Ku band (comm) 50 1.6 2181/R
Ku band (radar) TBD TBD TBD
S band quad 100 T2 42/R
S band quad 2 D] 6.9/R
S band hemi 10 40-50 8.8/R
S band P/I 5 TBD 5.29/R
UHF (EVA) 0.25 85 0.27/R

For distances closer than 12.5M for Ku band and at S band and lower
frequencies the validity of these values are questionable since the beams will

not be well formed. However, they should be a worst case.

Figure 2.20-2, PEP Clearances - Deplcyed, can be used in conjunction with
Figure 2.20-2, to estimate electric field intensities impinging upon PEP
equipment. The 14,6M separation used in the "Approach" calculations was
obtained from Figure 2.20-2a. A distance of 4.8 meters, obtained from Figures
2.20-2a and -c¢ may be used to calculate a value 8.75 V/M from tne S-band Quad

on the lower fuselage.
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aft flight deck.

Conclusions and Recommendations

Assumgtions

Payloads may wish to use the SPEE wiring,

AEEroach

Two solutions to the wiring problem were considered, Option 1 consists of the
baseline, shown in Figure 2.21-1, modified to place a Switch box in the Jump
er cable between J9575 where the SPEE wiring enters the on-orbit station and
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X576 LONGERON SHOULDER SPEE
BULKHEAD CABLE
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Figure 2.21-1. RMS Wiring/PEP Interface

cable to the RMS providing the requisite functjors to the array deployment
assembly, from the payload bay, reversing the position of the power connector
actuator to the SPEE rather than the grapple fixture side, and providing a new
switching capability in the on-orbit station for PEP component power on/off.

Results

The options were first considered on a qualitative basis as shown in Table
2.21-1. The major arguments against Option 1 stem from the constraints which
arise from using an existing design rather than any large impact resulting
from joint PEP/payload use ¢f the SPEE wiring. The major argument for Option 2
is that it removes these constraints. Overshadowing its positive aspects is
the requirement to modify the RMS. Since the modification appears to be exten-
sive, it dces not appear to be an attractive solution,

In order to provide a more conclusive determination, the modifications for the
oriions were listed. The :esuits, shown in Table 2.21-2, indicate that the
addition of a switch box on the AFD requires fewer modificationa. Whether the
component shouls be chargeable to PEP or, indeed, whether the assumption that
payloads wiil require access to the SPEE wiring is correct is beyond the scope
of this trade.
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Table 2.21-1. Options for PEP/RMS Signal and Drive Power Wiring Trade

Option Pro Con

1 ® Makes maximum use of
existing hardware,

o Existing SPEE wiring does
not provide complete

redundancy.
o Reconfiguration of payload @ Restricts available power
bay wiring has precedent in to 224W for 24 VDC at
the form of the payload sta- shoulder.

tion disribution panel.

e Switch box may be charged
to payload integration.

o Requires switch box in AFD
to allow payload and PEP use.

2 o Removes constraints on ® Requires additional RMS
power level and deployment modification.
assembly implementation.

o Isclates PEP system from e Adds restraining torque to
payload changes. RMS movement.

e Actuator location on SPEE
could interfere with payloads.

Table 2.21-2. Option Modification Listing

Modifications - Option 1

o Replace 21 wire cable approximately 10 feet long with two five-foot cables.
e Add switch box containing 21 segment motor-driven switch.

e Add switch to switch panel.

e Add five-foot, two-wire cable between switch box and switch.

o Add two-wire cable between switch and 28 VDC.

Modifications - Option 2
® Modify RMS end effector to accept power connector actuator.

¢ Add approximately 30 pins to power cecnnectors.
o Add 60-fcot, 30-wirz cable between end effector and shoulder disconnect.
e Add connector to shoulder bracket.

e Add 20-foot, 30-wire cable between shoulder bracket and MDA on power control
and regulator assembly.

e Add 20-foot, four-wire cable hetween power distribution box and A8J2 cn
bulkhead Xo 576.

o Add 10-foot, four-wire cable between AB8J2 and switch panel on aft on-orbit
station.

e Add two switches to standard switch panel.
e Delete (neg cost)19-wire, 10~-foot cable between J9575 and A8J2 on AFD,

@ Delete (neg cost) 19-wire, 20-foot cable between A8J2 and power regulation
and control assy.

/,
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2.22 COLLISION HAZARD ELIMINATION
Objective

Identify potential PEP collision hazards and assess potential solutions.

Cenclusions

It is concluded that PEP operaticns safety can be assuied with minimum addi-
tions to PEP hardware and without significant changes {o currently defined
Orbiter operations. Crew involvement and development of detailed procedures in

advance are key elements of the approach outlined below.

Approach

In all aspects, the PEP system intends to comply with the fail-safe design
philosophies adopted by the Shuttle program at its inception. Where collision
avoidance is concerned, fail-safe operation is achieved by a combination of
design features ancd operational procedures. In this regard, capabilities of
the astronaut/operator are depended upon to monitor and control automated
functions and use of existing Orbiter/RMS equipment emphasized. Complex colli-
sion avoidance software has not only been found to be unnecessary, but, in

PEP, it is undesirable as a means of avoiding such accidents.

Table 2.22-1 lists PEP opcrations leading to potential collision nazards in
chronological order. It is important to note that five of the seven cases
involve the normal RMS operations of moving an object frcm poirt to point. In
these cases, it is intended that all protocol evolved for this subsystem can
be applied in the operation of PEP. Hence, standardized procedures will be

utilized to enhance safety whenever applicable.

The close proximity of the ADA to the PRCA and the Spacelab Module when stowed
(short tunnel installation) represents a collision hazard peculiar to PEP
(Figure 2.22-1). While penetration of the Spacelab gressure shell is a hazard,
the external fiberglass insulatici' reprvaents a form of armor against colli-
sion. This is particulcrly true of its forward pressure bulkhead, where con-
siderable distance exists between the insulation and pressure wall. This pro-
tection, combined with careful roundiig of all external ADA corners and use of
low-RMS tip rates should eliminate the hazard. If a thorough analysis of this
type of collision reveairs that penetration is still possible, the Spacelah can
be sealed off during the PEP removal/replacement coperations, thus removing

this hazard from the catastrophic category.
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Table 2.22-1, PEP Qperations Involving Possible Collisicn Hazards

I

Function Failure Catastrophic hazard 3

1/6 Removing/replacing RMS or RMS operator Puncture of Spacelab or £
PEP from/in Orbiter PEP cold plates ;
payload bay k

k

2/7T Moving PEP to RMS or RMS operator Damage to Oroiter '
operating position/ structure and/or y
Orobiter payload bay insulation i

3 Establishing correct RM3S or RMS operator Damage to Orbiter f
operating position ‘1nsnlation 2
4 Inadvertent RMS Orbiter control Damage tc¢ Orbiter @
movement system RMS cont. >l structure and/or I
system operator insulation ’
failure e
5 Changing array RMS or RMS operator Pamage to Orbiter K

(Orbiter manauvers)

Orbiter control
system

structure -nd/or
insulatic

ROTATING
CANISTERS

SPACE
LAB

(TUNNEL .
8 OMITTED 2 ARAY DEPLOYNENT .
FORWARD FOR CLARITY) s ASSEMBLY (ADA) »
\ C

< o STRONG BACK
CONFIGURATION

POWER REGULATION AND
CIONIROL ASSEMBLY (PRCA)
e BEAM MOUNTED

Figure 2.22-1. PEP Installed with Spacaiab (Short Tunnel)
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Co.lision with PRCA is not an electrical problem since the solar array is
retracted and the Orbiter buses are not electricalliy connected to the PRCA
during this period. However, the voltage regulators are mounted on standard
Orbiter cold plates and each of these is ccnnected to both Orbiter thermal
systems. Thus, complete penetration of a cold plate can be a catastrophic haz-
ard, In PEP, this hazard is eliminated by design. Cold plat.s and their fluid

lines are protected on all sides from collision penetrations.

Procedural approaches to hazard reducrion can also be used in the removal and
ceplacement operations. Use of two operator3 as visual monitors would elimi-
nate reliance upon human depth perception. A monitor employing direct vision
in the must critical portion of Removal/Replacement essentially sees the Z-Y
plane (Orbiter coordinaces) but one viewing a video display of the RMS elbow
c.- wrist camera would see the X~Y plane. Thus, a two-monitor system would be
better able to avoid collision during Removal/Replacemernt. Use of the RMS
automation capabilities will also reduce the probability of operator error.
This will be practical in both Removal/Replacement and moving PEP to and from
its operating position (2 / 7 in Table 2.22~1) since relatively few erd posi-
tions are involved. For example, the ADA will generally occupy the same loca-
tion within the Orbiter for all missions witl a Spacelab Module. Similarly,
the operating position of the RMS can tc the same for all missions using a
Y-POP Orbiter orientation (as in earth observation and solar observations in
Spacelab 2). Prog. amming of these multiple use RMS actions can be thoroughly
verified prior to use. Hence, the only manual operation cf the RMS in PFP will
involve the actual grappling of the ADA during removal and final placement
into the retention latches upon return. This should amount to no more than a

few inches of correction to the end point of the automated trajectory.

In regular operatioirs, it is planned to move the ADA from its stowed position
to its operating position prior to deploying che array wings and to retract
them before returning. This allows simple coamp.iance with & groundrule that
operatcrs have visual reference to all portions of an RMS payload at all
times. Again, this RMS trajectory will be automated and two operator/monitors
employed with the two independent sources of visual information (video and
direct).
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As described above, the basic PEP/RMS operations (moving the ADA positions)
are, as a minimum, fail-safe/fz** safe from a collision standpoint. An inde-
pendent moiiitor system appliec to an automated RMS is safe under any combina-
tion of two cperator/RMS failures and many RMS failures require multiple elec~
irical point failures. Possible catactrophic hazards resulting from a
collision within the Orbiter bay during Removal/Replacement have been elimi-
nated by design features that limit damage due tc impacts.

Safety in event of gimbal or array pointing system failure is a basic feature
of PEP system design. Fundamentally, the solar array is stabilized with
respect to the sun. Thus, if the Orbiter is stabilized to its local vertical
(3s in earth-viewing operations), the array rotates with respect to its car-
rier. This orbital rate gimbal (a) gimbal axis is typically positioned perpen-
dicular to the orbital plane. On PEP, the second (B) axis is perpendicular to
the axis, parallel to the array's long dimension, and on the array side of the
rotating (a) interface.

In practice, the RMS is algays located so that the array rotation path about
the alpha axis clears the Orbiter (Figure 2.22-1). In this geometry, the array
cannot co.lide with the Orbiter with any combination of gimbal or gimbal cca-
trol (pcint.ng) system failures. Thus, the gimbal/pointing system is inher-~
ently fail-safe,

But safe operation is obviously dependent upon establishing this initial RMS
position accurately. As previously described, this position will be reached by
programming the RMS and its position can be verified by reading all RMS joint
angles. This is not, however, a positive check because a joint encoder (posi-
tion feedback) failure could conceivably result ir verifying an erroneous
position. Tc guard against this failure, the PZP system utilizes a completely
independent means of verifying the safety of this initial position. On the
RMS, the wrist camera is initially used to sight a grapple (docking) target
immediateiy ad jacent to the PEP gimbal system. Two 10-inch mirrors, canted &5
degrees to the camera's LOS, lie ¢~ each side of the small PEP target. These
are oriented so that an operator se2s, as background to the grapple target, a
split video image ..th an optic axis along each array wing and parallel to the
axis, After verifying the firal BRMS position by all indicaived joint angles,
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and prior to deploying the array wings, the operator rotates the ADA through
180 degrees RMS wrist roll. Since the wrist roll as axis is fixed parallel to
the gimbal axis, the two operatorc/monitors can view, by wrist camer: video
display, the total path swept out by the array during operations. Thus, a com-
pletely independent safety check of the operating position is accomplished.

This discussion indicates why dependence upon collision-avoidance sortware in
PEP operations is undesirable. Such software must, in turn, depend upon the
accuracy of each RMS joint angle feedback encoder. If this instrument provides
erroneous information, collision avoidance software can approve a collision
path. While it could be useful in extensive manual operations where each move-
ment cannot be preplanned (as in retrieval of a free-flying object), it has
little value when the RMS is primarily used in a preprogrammed mode. Here the
only fajlures that could cause collision are eithar in the software or in the
joint encoders (assuming one joint at e time prorramming where failure of any
one joint to reach its goal interrupts the program). Here, software can be
thoroughly checked on ground simulators and a joint encoder error cannot be
detected by collision software. Thus, it is bel ieved that programmed RMS
motion, combined with dual operator/monitors following procedures that allow
them to visually detect (by completely independent means) impending collisions

due to any failure scurce, represents the safest mode of operation,

After the final operating position of the RMS has been verified, it is locked
into its idle mode. In this mode, power is removed from joint servo amps and
the brakes are applied to each RMS joint. RMS brakes are a "dead msn" design
(1.e., prower off is brake on) and multiple electrical point failures are
required to disengage (power on) tize brake or to power a servo which, under

some conditions, could over-power the brake.

The brake could also be overcome by external forces which may be caused by a
failure in the Orbiter's attitude control system. To guard against any failure
which inadvertently causes RMS motion during PEP operations, output of each
joint shaft encoder are connected to the RMS audible warning system. In this
regard, 1t is noted that (in some PEP operating positions) the angular clear-
ance between the deployed array i3 small (on the order of five degrees). How-
ever, in an attitude-hold mode, the amplitude of typical limit cycles is gen-
erally small (usually less than one degree) and the period long (an analysis
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of many different mission simulations yiclds an average limit cycle period of
2.5 minutes . But even in a case of complete RMS brake failure, joint angular
motion should be iess than limit cycle amplitude and it would also be oscilla-
tory. While differences in friction may, in this situation, produce a drift of
the joints center position, the time available before action is required to
avoid collision will typically ve several limit cycle periods even in the most
critical array positions. While RMS failure during an Orbiter attitude maneu-
ver may need more rapld corrective action, operational procedure will require
the crew to place the array in a noncritical position (generally requires only
RMS wrist rotation) prior to undertaking a maneuver. Additionally, the PEP/RMS

will be continuously monitored during an attitude change.

As mentioned, operational »rocedures may require relocation of the array prior
to a maneuver. This is done to remove the arrav from close proximity to the
Orbiter, but to also remove it from direct plume impingement regions (particu-
larly those of the primary RCS thrusters). If PRCS is to be used, plume avoid-
ance additionally invelves inhibiting all forward thrusters, and for this rea-
son the PEP array will be retracted if PRCS translational maneuvers are
required. Alsc, PEP and the RMS will be stowed in the payload bay during any
firing of the OMS engines. For these reasons, array repositioning accompanying
an Orbiter maneuver may be a two-step prccess: it will first be moved to a
noncritical region and then (post maneuver) moved to its new operating
position,

Current RMS operating rules prohibit PRCS firings when a loaded arm is being
moved. In gencral, this does not impact PEP operations sir ~ost maneuvers
are very low rates (Spacelab 2, which uses frequent pitch w ~=uvers, is lim-
ited to 0.25 deg/sec) through large amplitudes. Hence, time can be available
during a coast period to allow arm movement to its new operating position. In
some <ases, notably Spacelab 2, wiitich primarily maneuvers about a POP axis,
changing the array position can be accomplished with the PEP gimbal system,

In changing the PEP array position in response to Orbite- maneuvers, proce-
dures 2re generally identicsl to those previously discussed. Point-to-point
movement of the RMS will be controlled by validated software and visually mon-
itored by two operators using independent means (direct or video). RMS paths

will be chosen to maximize tueir visibility and if constant visual reference
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(array to Orbiter) by both operators cannot be maintained, the arrasy will be
retracted prior to movement. Similarly, if the motion involves a new RMS posi-
tion that cannot be accurately checked by other visual means (in addition to
joint position feedback display), the 180 degree wrist rotation visual sweep
will be accomplished. In this regard, it will not be necessary to retract the
rray prior to this safety check because wrist camera field of view will be
sufficient to allow collision avoidance if the array path is obstructed.

To summarize, the MDAC approach to collision hazard elimination involves maxi-
mum use of existing Orbiter/RMS equipments combined with crew capability to
avoid expensive automated avoidance systems. It features:

A. Strict adherence to RMS operations protucol.

B, Use of existing RMS automation to reduce probability of operator
error.

C. Redundant crew monitoring by independent means of all critical RMS/PEP
operations.

D. A positive means of verifying safety of the PEP array/operating posi-
tion independent of (and redundant to) RMS instrumentation.

E. Use of existing RMS audible alarm to indicate any inadvertent movement
of the RMS from the verified PEP operating position.

F. An array gimbal pointing system that fundamentally fail safe, i.e., no
combination of electromechanical failures (other than primary structure), can

cause a collision.

2.23 EVA OPERATIONS

Objective
Assess the need for EVA to support PEP operations and any EVA restrictions due

to an installed PEP.

Conclusions

No new routine EVA tasks are required in support of PEP; however, EVA may be
utilized to correct PEP failures which would result in a safety hazard. The
PCP installation does not violate EVA guidelines nor place any undue restric-
tion on existing EVA keepout 3reas.

Tws asp ‘ts of EVA were considered in the design of the PEP. First, design
criteriz were considered which were necessary to enable an EVA crewman to

nerrorm PEP manual tasks such as latching/unlatching deployment/retraction,
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maintenance, and visual cueing for the RMS operator., Thesc tasks can be con-
sidered for either planned or unscheduled classes of EVA. Contingency EVA
includes tasks required to effect safe return of crew such as jettison assist.

The second aspect of EVA design criteria considered relates to designing the
PEP to be compatible with EVA tasks which might be carried out for both PEP
and other Orbiter systems or payloads. This criteria precludes damage to PEP
by EVA crews and also ensures unimpaired crew performance and safety during
EVA. Types of EVA compatibility criteria includes avoidance of exposed edges,
corners and protrusions, inclusion of handholds and translation devices and
design to withstand ciew kickoff loads. A key document for EVA design consid-
erations is, "Shuttle EVA Desciption and Design Criteria, JSC-10615."

The PEP design must also consider the EVA reserved areas which ensure a corri-
dor for the EVA crewman to access critical areas in the cargo bay. These stay-
out areas are given in "Space Shuttle System Payluvad Accommodation,"

JSC-07700, Volume IV. Installation of the PEP in the payload bay must not pre-

vent crew translation in the reserved envelopes.

Table 2.23-1 presents a summary of the EVA tasks and design considerations fo-
the three classes of EVA. Also noted are the items where a design criteria has
been included in the PEP design. As can be seen from the table, EVA design
provisions have been included for all EVA tasks and considerations except
planned EVA on the PEP. No normal planned PEP EVA tasks are planned due to the
ease with which automatic providions could be provided and because the rela-
tively long EVA time, about 12 hours of EVA-related time, would be required
for each mission for manual deployment/retrieval of the PEP. Due to the rela-
tively large number of planned missions (80), the accumulated crew EVA time

would ‘e large, thereby meriting an automated approach.

Design criteria are incorporated o allow unscheduled and contingency PEP
operations by EVA. Also included are design criteria for non-PEP tasks. Crite-
ria is included for EVA compatibility for all EVA classes.

EVA envelope considerations were addressed by comparing PEP stowed volumes
with EVA-reserved envelopes. The results are shown in Figure 2,25-1 in the
form of two view overlays. No EVA reserve envelope intrusion occurs for

airlock inside and MMU requirements. The PRCA cross beam intrudes into the EVA
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Table 2.23-1. EVA Design Considerations for PEP

PEP EVA Incorporation of EVA -
EVA class task task/consideration design criceria i
Planned X Latch/unlatch None e
X Deploy/retract Mone ) (
X Maintenance Ncre
EVA compatibility Yes i
EVA envelope intrusion )
Unscheduled X Latch/unlatch Yes i
X Deploy/retract Yes
X Visual cue Yes
X Maintenance/repair Yes (limited)
EVA compatibility Yes i
EVA envelope intrusion
Contingency X Jettison assist Yes
EVA compatibility Yes
EVA envelope intrusion Yes
Xg 576 627 (TYPICAL) . Xo 576 7‘4:7
( e =
7 "—}L“ - - - ﬁL Yo 0
Xo 6425
. AIRLOCK / {TYPICAL) B. AIRLOCK \ =
~pae | Ll B el ]
CABIN W’—’i ours - ADAPTER —l‘_ -
/5 (TVfICAL) __1‘_ 2, 400 S Lzom
L
R 7 —— e S
Xo 576 afl 733;.3 %o g ;‘::f,bmn
( AND
EQUIPMENT
ASSEMBLY
C. AIRLOCK D.WITH
QUTSIDE ?
comano |
‘-“\ RESERVED
7 8.1
A
L % Xo 115 —3\' —\ ENDOF BAY
- L
SCALE 180

Figure 2.23-1. PEP Stowed Volumes and EVA Reserved Envelopes
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envelope for the airlock above tunnel adapter, Figure 2.23-1. This is a slight
intrusion and in a somewhat hidden area which should not affect crew EVA along
the top of the tunnel. The ADA does obstruct the path across the tunnel when
not deployed. Two options are possible to obviate this requirement. The first
option is to deploy the ADA from the bay to allow crew :ranslation to the
Spacelab. The second option is to provide a translation route and aids over
the top of the ADA. Either of these options appears feasible since this route
is required only for bay doors open conditions wherein the Spacelab scientific
airlock depleoys or may deploy experiments outside the dynamic envelope, or
deploys other experiments requiring EVA.

Airlock outside requirenients, Figure 2.23-1C, results in the PRCA cross-beam
intruding into the EVA eivelope. A route 44 inches wide (112 cm) exists
betwe- . the cross-beam and the airlock. This is four inches (10.1 cm) less
than the 48-inch (122 om) reserved envelope, but it is larger than the 40-inch
(102 cm) hatch openings. A 40-inch (102 cm) minimum corridor for straight line
translation is given in JSC-10615., Therefore, it appears feasible for the EVA

crew to translate between the PRCA cross-team arnd the airlock.

A second option for airlock outside configuration is to shift the EVA route in
the -Y coordinate direction so the EVA crewmen pass the side of the airlock
and between the sill area. This is a slightly more devious route, but the full

48 inches (122 om) would be available for crew translation.

The ADA intru-ion into the EVA reserved volume is slight and this intrusion is
overridden by the PRCA considerations.

Conclusions to the study to compare PEP stowed volume intrusions into EVA
envelopes are two-fold, (1) EVA envelopes are restricted by PEP equipment but
general EVA guidelines are not violated, and (2) aiternate routes are availa-
ble for configurations where serious intrusions exist.
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INTRODUCTION

This report contains details of the propos~d cable
handling system designed to iransmit power from
the Power Extension Package (PEP) to ¢hc Orbiter
by way of the Shuttle Remote Manipulator System
(SRMS). The design has been based upon earlier
design concept studies outlined i1n SPAR-R.928
(Power Extension Package Power Bus Study). Some
changes to the basic design concept were found
necessary during the design process, and are
illustrated in the following report.
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REQUIREMENTS

The following requirements were given by McDonnell
Douglas.

{a' PEP power bus will be six pairs of #6
Superflex cable.

(b) RMS with power bus attachad wiil be capabhle
of performing other "ManipulAator® tasks when
not employed in conjunction with the PEP.

(c) Reduction of Rm> capabili.y due to attachment
c¢f the power bus will be minimized.

(d) RMS with attached power bus must bz
compatible with all cornfiguratic s of
Spacelab modules and pallets. Other
intrusions into the payload volums may be
considered.

(e) A Spar Standard End Effector will be used to
attacn the PEP to the RMS and the Special
Purprose End Effactor wiring will be uvcil:ired
to transmit PEP signals and gimbal power.

o~
th

The RMS power bus wili terminate at the
voltage regulators mounted on the PEP
eguipment beam. This is at (approximately)
Orbiter stations:

X = 665
Y =+ 70
Z = +420

(g} An emergency SRMS/Orbiter disconnect will be
provided.

{h) Design will consider (a) means of crossing
RMS/PEP 1rterface (b) ways to cross ail RMS
joints (c) cable retention at RMS/Orbiter
interface.
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In addition, the following assumptions have
been made.

The tine between the deployment and retrieval
of the PEP will be of the order of a few
orbits. Each orbit is assumed cto take
approximately 90 minutes.

Consideration has veen given to tne case
where the PEP is required to be active tor a
time considerably greater than that above.

T 2 remote maniputator when deployed wiil
ha.e the power "off" and brakes *on". The
temperatre conircl system will normally be
"off*. This 1s to eliminate any power drain.
The temperature measursment which requires
the 3&C panel to be switched on will be
carried out at predetermined intervals of
tine,

The <temnperature control system will be
switched to automatic under the follawing
ccnditions (determined by ope.acional
vrofiiles):

i) Low arm temperat.ure could produce
dar.age

1i) Prior to activation of the arm

Tne power bus Jdesign is such that minimum
modifications to the present Remote
danipulator System baseline decign are
required. )

The intention of the design of the power bus
is to minimize its mass thereny ensuring that
the 1indvced loads on the arms are also
minimized. The ef{fect of the increased
inertia of the arm due to the addicional
cable hariiess has been considered.

1.7
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{m) The power lo0ss along the :iower bus must be
minimized to maximize the power asvailable to
’ the orbiter from the PEP.
=
() The operation of the remote manipulator wrist
roll joint is to be considered as & back-up
for a failure of the PEP array gimbals.
-y
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STATEMENT OF COMPLIANCE OR DEVIATIONS

Reference 2.0 {(a). Complies to requirements. See
also Section 7.2

Refer-.ce 2.0 (b) and (c). Reductions to SRMS

capatility due to attachment of PEP power bus is
as fol ows:

Wrist Roll - restricted to +180° rotational
travel, possibility of full +447° provided manual
d:sconnect at wrist electrical comp/wrist roll
joint is acceptable (requires EVA).

Layouts indicate that the major restriction
preventing further rotational travel of the wrist
roll joint 1s the location of the connector box
situated on the upper surface of the electronics
housing. However, future development models may
prove an increase 1in the +180° rotational travel
possible

At the present stage, no other joint acticulation
restrictions are indicated.

Reference 2.9 (d).

Shoulder joint. ~Jddicional enveiope reguired to
accommodate PEP Power Bus, reference layout
31221L2.

Wrist pitch/yaw joint - additional ervelope
required to accommodate PEP Power Bus, reference
layout 31221L3. Another design <ccnfiguracion
being considere: would reguire additional envelope
on the payloaa side of the wrist pitch jo:int.

This is 1llustrated on iayout 31221L4.

Wrist Roll Joint - stowed condition of arm
reguires additional envelope. Sce layout 31221L1.
Operaticnal enveliope to accommodate +180° rotation
of cable.
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3.3.4 All other increased envelope requirements are
illustrated on layout 31221L4 and 31221L5.

3.4 Reference 2.0 (e).

See Section 6.1 (PEP Gimble Power).
3.5 Reference 2.0 (f). (For information only).
3.6 Reference 2.0 (9g).

The arrangement shown on layout 31221L2

illustrates a three connector interface between

the SRMS and the orbiter. This arraagement

considered emergency disconnect tn be provided :in

a similar manner to the existing URMS system (i.e. -
pyrotechnic quillotine). 1In future desian work,
cons ' deration will be given to provide emergency

release using in-flight electrically released

cornects a3 per very recent discussions with

McDonnell Douglas.

3.7 Reference 2.0 (h). Complies. See layouts.

3.8 Reference 2.0 (1). (Used for Analysis).

3.9 Reference 2.0 (j). Complies.

3.10 Reference 2.0 (kj. <Complies. Reference design

layouts 31221L1 through L.

3.11 Reference 2.0 {l1l}. Complies. Reference Sections
8.0 and 9.0.

3.12 Reference 2.9 (m). cC(omplies. Reference
Ciectrical Analysis. Section 6.2.

3.13 Reference 2.0 (n). <Complies. Refer to 4.7.
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PROPOSED CABLE HARNESS DESIGN CONFIGURATIONS

General Arrangement SRMS/PEF Power Bus

Design layout 3122]L4 illustrates the basic
proposed cable configuration throughout the total
length of the SRMS. This has been uscd as a basis
for all electrical and thermal anaiysis specified
in this proposal.

Wherever practical, the powerbus hes peen routed
on the payload side of the SRMS to provide access
during installation and removal. All cable clamps
and fittings will be configured to facilitate this
requirement. Routing cf cabies under existing
SKRMS equipment which would prove inconvenient
during installation or removal has been avoided.

Shoulder Yaw Joint Cable Harness

The shoulder yaw joint cable harness configuration
is illustrated on the design proposal layout
number 311221L2. <Cable handling to accommcdate
the +180° rotational travel of the shoulder yaw
joint has been based upon the existing methods
used for the SRMS shoulder joint cable system.
From the orbiter/SRMS interface situated at the
connector box forward end, the cables are routed
across and clamped to tle connector box cover in a
fiat confiquration to a point where they are split
into two discrete bundles. Each bundie ¢of six
c:hles 1s looped In a similar manner &9 the
ex1sting cable harness and is routed approximately
parallel to 1t.

Each bundle is securely clamped at the pitch/yaw
interface flange by a split clamp fitting. The
split ~‘amp fitting clamps agarnst a bushing into
which <11 the cables have been pcotted. The
insulation on each cable 1is etchea for a length
necessary to ensure adequate keying in the pottiny
compound. The six cables are controlled to
maintain a bundle configuration by a beta cloth
sleeving.
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Shoulder Pitch Joint Cable Harness

From the joint yaw/pitch interface flange, both
bundles run parallel to the existing SRMS wiring
harness over the pitch joint and are clamped to
the connector bracket. The cable bundles are then
configured as shown on layout 31221L4. Again,
beta cloth sleeving will be used to maintain cable
configuration for the pitch joint section of the
harness.

Elbow Joint Cable Harness

The elbow joint cable harness has been based upon
the present SRMS Cable Handling design principles,
but located on t! : opposite side of the arm. This
will minimize EMC interference with the existing
SRMS signal wires. Wherever possible, the wire
arrangement will be such to maximize heat
dissipation. This cable system is illustrated on
design layout 31221L4.

Wrist Pitch Joint Cable Harness

The wrist pitch joint cable harness general
arrangement is 1llustrated on design layout
31221L3. The cables 2re arranged along the wrist
electronic housing in an open confiquration, and
are clamped in the area between the wrist pitch
joint forward flange and joint rotacional axis on
the outboaruy side. (An alternative arrangement to
mount t... Callie harness on the inboard side is in
process. This will eliminate tight envelope
problems and facilitate installation and removal
of power bus with SRMS installed in the orbiter).
At the clamp exit, a cable transition Zunverts the
arrangements to a double radial layer, six cables
wide, to accommodate joint articulation. A
fibreglass guide, mounted to the joint, controls
the required cable bharness configuration ensuring
clearance on other equipment during joint
rotational travel. At the aft end of the wrist
pitch joint, the harness is formed into an "S"
arrangement which is maintained by a guide and
clamps. This configuration provides sufficient
cable length to accommodate full joint rotational
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travel. The “"stepped” cable arrangement on the
upper bend is necessary to provide clearance at
maximum wrist yaw.

1

R

4.6 Wrist Yaw Joint Cable Harness

i The wrist yaw joint cable harness general

arrangement is shown on design layout 31221L3.

From the wrist pitch joint aft cable clamp, the

, cables are routed under the arm to the wrist yaw

. joint, and are clamped forward of the yaw joint

rotational axis. The cable harness arrangement is .
identical to the wrist pitch joint configuration,

but terminates at the bushing provided for the

wrist roll cable harness system (Reference Section

- 4.7).

4.7 Wrist Roll Joint Cable Harness

Due to the nature and size of the power bus, it
was found necessary to restrict the rotat:ional
travel of the wrist roll joint to +180° (Refer to
3.2.1) (from the stowed position). Any
substantial increase in rotational travel

- requirements would necessitate major redesign of.
the arm in this area, and would require
considerable increase in static and dynamic
envelope constraints.

The rotational restriction resultedl in many
advantages in other aspects of the design. These
are as follows:

i) Minimal cable length reduces inefficiencies
and weight.

ii) Proposed configuration enables power cables
to be clear of Electronics Compartment,
thereby eliminating potential thermal

.- rroblems.

- iii) Exposure of Existing Electronic Compartment
radiation areas are maintained, again
eliminating thermal problems.
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iv) Enables power cables to be separated from
ex..:.ing SRMS cabling, thus reducing
electrical EMC problems.

v) Minimal impact on existing thermal blankets.

vi) Minimal impact on ICD envelope rcstrictions
in critical areas (i.e. radiator, bay door
and payload area). Note - envelope increase
is required as shown on layout.

vii) Epables previously proven and accepted cable
handling systems concept to be employed
(i.e., the proposed wrist roll cable system
configuration is basically identical to that
of “he present 3RMS shoulder yaw joint. This
system has been subjecced to both thermal
vacuum and vibration testing, and has been
accepted at the Critical Desiyn Audits and
Reviews (CDR and CDA's) attended by JSC,
NRCC, Rockwell and Spar personnel).

The general configuration of the wrist rocll cable
harness 1s illustrated on layout no. 31221Ll1. The
harness comprises a2 looped cable captvred in two
locations. At these locations, the insulation of
each cable is etched and potted in a strain relief
bush which in turn is clamped to fittings attached
to the joint flanges. The cables are allowed
relative freedom of movement during joint
rotation, but are controlied from total freedom by
a helical spring housing. Direct contact between
the cables and spring housing is prevented by a
loose beta cloth sleeve.

A similar sleeve covers the helical spring to
provide a smoother outer surface Control of the
complete harness assembly during vehicle launch
and re-entry is provided by a hood assembly
attached to the forward cable fitting. During
operation, the cable harness a. .~mbly rolls into,
or "cut of" the hood assembly depending upon its
position and direction of rotation.

Not illustrated on the design layout .s the
provision to restrict the joint rotational travel
to +180° when the power bus system is installed.’
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It is expected that this will be controlled by
limit switches which would include back-up; but
not to incorporate a mechanical limit stop
systenm,

A variation on the proposed design has been
considered which wou!d provide a manual cable
disconnect at the att end of the electronic
compartment. This would be used if SRMS operation
is required without the PEP System, bu: woula
require extravehicular activity (EVA). The full
rotational travel of +447° would be available with
this arrangement. Further evaluation of this
proposal would be necessary if this becomes a
desirable feature.

End Effector Cable Harness

The End Effector portion of the power bus has been
rouicd on tne inboard side and clamped 0 che end
effector as shuwn on layout 31221L4. From the
wrist roll cable system beneath the SRMS, the
cables are routed around the wrist roll joint to a
position which enabies a flat configuration to be
utilized. The power bus then terminates at the
connector assembly (shown on layout 31221L5).
Additional envelope will! be required in these
areas and is shown on design layouts 31221L4 and
31221L5.

Arm Boom Cable Harness

Cable routing across the arm booms has been
configured in a flat, low profile arrangement
wherever possible. This arrangement has been
selected to maximize neat dissipation and to
maintain a low profile to minimize envelope
violations. Cable clamp arrangemer.ts atve
illustrated on layout 31221L4. it has lteed
assumed that cable clamp muuiiting to the boous
will be similar to exlisting SRMS cable clamp
arrangement.

Beta cloth sleeving will be used throughout to
protect the cables from external h.at. Reference
Section 5.0,

Y
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Electronic Compartment Cable Harness

Cables spanning all electronic compartments have
been configured to maintain a flat, low profile
arrangemcnt wherever possible. The main
constraints in these areas are radiation panels
running axially across the electronic compartments
which if covered, would create considerable
thermal upset of the SRMS electronics. For this
reason, these areas have been avoided.

Beta cloth sleeving will be used throughout to
protect the cables from external heat. Reference
Section 5.0.

Orbiter/SRMS Power Bus Interface

The interface connection from the Orbite:i cable
system to the power bus attached to the SRMS is
illustrated on layout 311221L2. It comprises
three individuaal 4 pin connectors mounted to a
bracket which in turn i< mounted directly to the
forward face of the connector box. The cables
wili exit the matiny cunnector sockets in a loop
configuration to ensure that access to the SRMS
wiring connector fuses is maintained (i.e. the
loop will provide sufficient flexibility to enable
the cables to be displaced sideways, thus
providing clear access to the fuses. From the
loop con:iguration, the cables are "fanned"™ into a
flat arrangement across the top of the connector
box caver tc prouvide a low profile. This is
necessary to ensure that no interference exists
between them, and the moving section of the cable
harness. The cables are thermally isolated from
the connector box cover using fibreglass washers
under the cable clamps.

The selection of the three individual conneciours
was based uon the following considerations:

i, Availability - seliection of & “standard"
connector as opnosed to a "special”
arrangement increases ji¢liability and reduces
cest.
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ii) Handleability - considerably less effort
required to connect a 4 pin arrangement than
a 12 pin. This improves serviceability.

iii) Smaller wire bundles provide greater
flexibility for further cable routing.

Al ternative to the above outlined
configurations, a two connector arrangement
which also providas emergency disconnect
within the connector assembiy will be

considered. This arrangement would eliminate

the necess.ty to upgrade the present
pyrotechnic quillotine for emergency.

SRMS/PEP INTERFACE CONNECTION

Design Considerations

The design selected for the SRMS/PEP interface
connection was based upon the 1ollowing
considerations:

i) To provige automatic power bus connection
after full grapple of the P.E.P. system
thereby eliminating potential alignment and
supsequent damage problems.

ii) To eliminate "couples"™ durirg automa:ic
connection thus preventing potential
*jamming® problems.

iii) To provide an alignment system that does not

rely upon a high parallel accuracy, again to
prevent "jamming",

iv) To provide a system that minimizes thermal
differential affects.

v) To use existing or similar hardware to that
used cin the present SRM5 systen.

Design Description (Connector Half Assembly -
Driven)

Trhe connector design « .nfiguration illustrated on
design layout No. 31221L5 shows a one piece
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aluminum nousing machined to accept two inserts.
The inserts are machined to suit the configuration
of a size 4 connector contact. Each insert

contains ¢ contacts, suitable for a No. 6 AWG
wire.

A master location pin is securely afixed into the
housing, and is located on the geometic center of
the connector half assembly. The primary function
of the locator pin is to provide alignment of tae
connector halves, but is also used as a slide rail
on which the connector is guided during mating.
Secondary aligrment between connector halves is
made by a pin protruding from the oucter edge.

This pin lorates a slot on the mating connector
housing, and avoids the high deqree of parallel
accuracy required if the two straight location pin
methods would be used.

Both location pins ensure full alignment before
mating of the electrical connector contacts.

The connector half assembly is suspended by the
master pin, and is supported by two linear bearing
bushes mounted to the frame. The distance between
the bearings is sufficient to provide full linear
movement during connector mating.

Rotation of the connector about the master pin is
prevented by a pin and groove system ~**-ited ci
the outer edge of the housing. This o was

selected to minimize thermal Z2iffeg . . . atfects
and prevent potcential “jamming®.

Actuation (or matiny) ot the connecto: as=. is
accomplished by a modified versicn of (* er
nrace linear actrator mechanism. To pre« Sy
“coupling™ effect, the axial load produc 2§ the

linear actuator 1s applied directly to the master
pin.

Design Description (Conrector Helf Assembly -
Fixed)

The mating half of the conrector is configured to
provide a small amount of floct in the plane

-
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required for alignment during conaector mating.
The alignment accuracy between the grapple fixture
attacked to the PEP package, and the end effector,
tcgether with locational accurzcies of the
connector mounting will determine the alignment
capacity necessary within the connector assembly.

For neatness of design, it is expected that the
driven conne. . u: «. 2mbly will be mounted to the
PEP system, and the ».ting half +~ tne SRMS End
Effector. Th's systeam would elimirate cne
necessity of additional wiring to the end
effector, -he connec-tor drive and signals being
supplied tc the PEP system via the existing "SPEE"
connector. The other .dvantage of this
configuration is ties"' necessary increases in SRMS
dynamic envelopes will be minimizec.

B

The design will provide a male pin connector ¢n
the End Effector, and female on the PEP system.

It is assumed that the cable shown at tlLe exit
from the driven connector half ass2mbly, and which
is attached to the PEP, can be configured as
illnstrated on layout 31221L5. Note cable length
al swance to accommodate the connector lineac
travel.

188

Fe



-\ r"

5.0

5.1

5.2

5.2.1

AR
SPAR
- ——
SPh..-R.940
ISSUE A

THERMAL DESIGN CONSIDER..: IONS

Thermnal Analysis

Detailed thermal math models of the various cable
confijurations have been made and analyzed for a
number of cases. This section refers to the
thermal design and also summarizes some of the
eénalyses performed.

Thermal Design

Summa.

(a) Summary of Design

The PEP cable bundle shall employ passive
thermal control to the greates: extent
pr-cticatle. A low &® , high & finisn
shall be utilized to reduce the impact i
sol-r energy and allow as cola a cable
harness as possible.

Y operational constrains and the missici

ofile are such that passive mzans cannot be
utilized to ensure adequate cable
temperctures then the design may .e augmentea
by heaters and thermostats. Tt is considered
unlikely that such devices will need to be
employed.

(b) Summary of Design Requiremerts

1. To maintain the PEP cable at as low a
temperature as possible during powe:
transfer. :

2. T maintain the FEP cable at a
toemperature to ensure sufficient
flexibility of the cable harress curing
RMS deployment.
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Design Considerations

The thermal design of the °PEP RMS mounted
equipment must be such that the cable harness
temperature is maintained as low as possible under
the worst environmental conditions and maximum
power dissipation in the cable harness, in order
to reduce the power losses and maintain the cable
within its design temperature range. The thermal
design must also ensure the cable harness does not
become so cold that either the design range of the
cables are exceeded or that the cable is so cold
that the stiffness of the cable bundle is so high
that the bundle flexibility prevents proper
operation of the RMS joints.

Configuration .

The configuration considered consists of the 12
cables $6AWG attached to the RMS via penetrations
in the thermal planket. Thus the cables are
supported outside the RMS blankets and are exposed
directly to the space environment.

The cables are spread as much as possible into a
12 x 1 arrangement, however, near the shoulder and
wrist pitch and yaw joints a 2 x 6 arrangement is
required, at the roll joint a 3 x 4 cable bundle
is required. See Figure 5.1-1.

Design Cases

The following mission profile must be accommodated
by the thermal design. The critical design driver
cases are identified. See Figure 5.2-1 and

5.2_2o

(a) Pre Launch
During pre launch the cargo bay is purged by

conditioned dry gas and thus presents no }
problem thermally. 3
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TEMPERATURES PRIOR TO AND DURING RMS DEPLOYMENT.
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(b) Launch

During launch the cargo bay air expands and
its temperature falls as the pressure falls.
However, due to the large thermal inertia of
the cable harness this is not considered a
significant design case.

(c) On Orbit Cargo Bay Open - Stowed

After orbit acquisition, the cargo bay doors
are opened and the RMS and PEP cables are
exposed to the space environment. The
temperature of the PEP cables depends on the
orbit and attitude acquired, the view factors
to space, to the orbiter and to the payload
in the cargo bay.

The thermal design shall be such that by
selection of a low o and high & finish
on the cable harness, the hot case attitude
and orbit (top sun, side earth B = 90°) shall
be accommodated by passive means.

The cold case orbit and attitude (bottom sun
tail earth$ = 90°) will result in low
temperatures in the cable harness. If such
low temperatures would result in an
unacceptably stiff cable bundle then heater
provisions would be made to prevent such low
temperatures, 1f the thermal inertia of the
cable bundle was inadequate. An alternative
means of increasing the cable bundle }
temperature is to thermal condition before b
RMS deployment by a barbeque mode or m7ve to 1t
a hotter attitude. ‘

(d) On Orbit - RMS Deplcyed

When the RMS is deployed, th2 cable must be
warm enough to flex adequately. 1If, prior to
deployment, the means of achieving suitable
temperatures is passive then the inertia of .
the cable bundle and attitude of the RMS 3

o eenet; aabeh s o

“oh s semmed
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shall be such that the cable maintains its
flexibility until the power transfer phase.
This may be achieved by heating of the cable
above its minimum temperature prior to
deployment and allowing it to cool down
during this period. See Figure 5.2.1.

If active thermal control was employed, then
heaters would maintain suitable temperatures
in the cable bundle. Se2 Figure 5.2.2.

Power Transfeg

After the PDP has been activated, the power
transfer via the cable harness is 32kW at
120v.

During this phase, the cables will obviously
warm up due to their power dissipation, the
operating time and thermal inertia of the
cables is such that the steady state
temperatures of the cables must be designed
for.

In order to lower the temperature of the
cables as much as possible a high emittance
surface finish is proposed to the cable
bundles, and to reduce the effect of incident
solar finish a low absorbtivity surface is
proposed.

Such a space qualified material, which also
provides a suitable flexible finish to the
cable bundle, 1s beta cloth. of 0.22

£ =0.9

Initial calculations indicate cable
temperatures as shown in Figures 5.2-3 to
5.2-8. Figures 5.2-3 to 5.2-5 show the
variation of steady state temperature with
cable current. Figures 5.2-6 to 5.2-8 show
the transient response of the cables to both
switch on and cool down conditions. From
these curves, the temperature response to
power profile can be estimated.
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From these figuics, it can be seen that the
effect of cable bundling significantily

increases the inner cable temperatures and is

therefore avoided as much as possible in the
cable harness design.

(£} Stowage of RMS and PEP

During this phase the PEP cable harness
transfers no power and merely cools down as
the RMS is deployed to stow the PEP and the

RMS itself is stowed. This is not considered

a design critical phase.

(g) Stowed RMS as Phase (c).

(h) Re-Entry

During re-er y, the PEP cables will be
exposed to a hot or cold carao bay, however,
the inertia of the cables shuuld prevent
excessive temperature excursions during this
transient period and therefore this phase is
not anticipated to be design critical.

Conclugigg

It has teen shown that the tempecatures of
enclosed cables under full sun conditions
potentially can pe high. In detailedé design
considerations, this will need to be carefully
considered so as to ensurz these conditions will
be accommodated.

It has also been shown that the temperature
gradients through the single cable bundle are
rather high. This is party due to the
simplification: i3y the analysis, i.e. no account
of the stainless steel spring at the roll joint
was included.

A more detailed analysis will be made at a later
date.
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ELECTRICAL DESIGN CONSIDERATIONS

The electrical deta.ls with respect to the PEP
Gimbal Power, used for the Attitude and
Orientation, will be discussed below in Section
6.1.

The main electrical factors of the actual Solar
Array Power Transmission of the PEP, along the
SRMS, will then be explainel in Section 6.2, while
a brief discussion relating to a possible slip
ring concept is given in Section 6.3.

PEP Gimbal Power

The solar array assembly, carried by the SRMS,
requires electrical power for the deployment and
orientation.

The wiring available between the receptacle J101
of the SRMS, whicn is connected to the main
28Vd.c. orbiter power, and the receptacle J41ll at
the End Effector will be used. From Figur: 6-1 we
not > that there are seven No. 22 A.W.G. leads in
parallel along the SRMS, while the End Effector
carries two No. 20 A.W.G. in parallel.

Since the seven leads are fused with S5A each, the
total available current to the PEP Gimbal Power
cannot exceed 5 x 7 = 35A. The orbiter voltage at
J101 will be 28+4V. The lead resistance, forward
and return, of the complete wiring, as shown in
Figure 6-1, at the highest predicted temperature
of 70°C, will then be:

$#22 AW.G.: 0.01614 {1 + 0.00397 (70-20)]

0.00276 ohms/foot
#20 A.W.G.: 0.01015 (1 + 0.00397 (70-20)]

0.00608 ohms/foot

204
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The total resistance at 70°C for 62.5 feet within
the SRMS, and 2 feet within the End Effector will

be:

0.00276 (62.5+62.5) + 0.00608

(2+2) = 0.369 ohms

The continous maximum available current is
2 x 5.63 = 11.3A limited by the two #20 gauge

wires in parallel,
Therefore we have:

24 - 11.3 x 0.369

28 - 11.3 x 0.369

22 - 11.3 x 0.369

]

19.8V minimum
23.8V nominal

27.8V maximum

Any electrical equipment then, rzlated to the

Gimbal Power and 1ts Attitude
be desligned to operate within
voltage limits. Furthermore,
current drain must not exceed
From this it follows that the
cannot be expected to exceed

19.8 x 11.3 = 224 W

and Orientation must
the above stated

the "in~-rush"

35A at any voltage.
available power

under worst case conditions; hence the continuous
Gimbal Power, etc. must stay within that budget,

The loss within the SRMS and End Effector wiring,
again at worst case conditions, will be:

2
11.3° x 0.369 = 47 W

PEP Solar Array Power Transmission

The Solar Array Assembly, to be carried by the
SRMS, is rated at 32 kW at 120V, The transmission
of its electrical power will be effected by means
of six parallel leads, each having 207 strands of
No. 29 A.wW.C., the ~fore eguivalent to No. 6

A.W.G,
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Figure 6-2 illustrates the electrical concept,
also identifying the receptacles at the orbiter
end of the SRMS.

The worst case predicted temperatures of this
power transmission wiring are higher, since it is
placed outside the thermal blanket of the SRMS.
For the first 8 feet in the shoulder and the last
10 feet in the wrist 98°C and for the remaining 47
feet 95°C temperature is predicted.
(Configurations #1 and #2 respectively).

The resistances then

Shoulder Ix 0.0003951 {1 + 0.00397 (93-20)])
and
Wrist : 0.00008624 ohms/foot

n o

Rest of
SRMS: 1lx 0.0003951 [1 + 0.00397 (95-20)]

= 0.00008545 ohms/foot

o

from which we can calculate the total power
transmission resistance to be

0.00008624 (8+8+10+10) + 0.000C8545 (47+47) =
0.01114 ohms

Returning now to the solar array itself. This is
rated at 32kW and 120V, which relates to a current
of

32000 = 267A
120 :

The available voltage and power at the orbiter is
then

120 - 267 x 0.01114 = 117V

and
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117 x 267 = 31.2 KW
respectively.

The power loss within the PEP Power Transmission
wiring will then be

2
267 x 0.01114 = 794 W

The losses in the connectors will have to be added
to this. Voltage drop is listed at 38mV at 110A
test current which 1s assumed to reduce to

30mV at 267 A = 44.5A/contact
6

The power loss at the three connectors with a
total of twelve size 4 contacts at the orbiter end
will be

0.030 x 44.5 x 12 = 1l6W

The total power loss of the PEP Transmission, not
considering the actual solar array connections,
would be

794 + 16 = 81l0W

or

810 = 2.6%
31200

EMC Considerations

The PEP power bus will be routed as far as
practical from the Manipulator Arm (MA) cable
harness and from the electrounics units mounted
within the arm. 1In order to minirize magnetic
fields coupling the 12 power bus lines will be
laid out in pairs, each consisting of a positive
line and a return line. Twisting of wire pairs
will not bte employed as wire size (AWG #6)
prohibits 1it.
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The Elbow and Wrist-Y/P flexible secticns of the
PEP harness will be routed opposite to the arm
harness wh.le the Wrist-Roll harness will be
routed external to the joint. Cable separation in
the Shoulder-Y/P flexible section cannot be
achiaved due to mechanical constraints. At this
section, the harnessess will be laid out side by
side. Magnetic field coupling from the PEP
harness to the MA harness at the shoulder, has
been analyzed based on the following preliminary
data received from McDonnel Douglas:

(a) PEP bus current ripple - total amplitude of 5
Amps peak to peak

(b) Low frequency (~ 70 Hz) ripple - 4 amps peak
to peak

{c) High frequency (~ 20 KHz) ripple - 1 amp
peak to peak

It was concluded that the coupled noise will not
affect the MA operation.

210
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MATERIALS

General Materials

Materials selection for the SRMS/PEP program shall
be based essentially on che same requirements and
guidelines as are currently being used for SRMS,
Materials shall be selecued by cousidering the
orerational requirements of a given application
and the design engineering properties of a given
material. Candidate materials shall be evaluated
in accordance with SPAR-S5G.368 "Materials and
Processes Requirements for SRMS" and shall be
selected from a list of rated material in
SPAR-SG,369 "Materials and Processes Selection
List for SRMS". SPAR-SG.369 contains lists of
materials which have heen assigned ratings by test
or analysis in the anticipated service
environments. The ratings which are based on NASA
JSC 09604 "Materials Selection List®™ cover the
following hazardous environments:

corrosion

stress corrosion cracking Metals
gaseous oxygen

flammability

thermal vacuum stability

age life Non-Metals

low pressure gaseous oxygen

In addition, the materials used shall be
compatible with the interfacing hardware of the
SRMS and shall not jcopardize the functioning of
other components.

Power Cable Materials

The available data related to the power cable
materials at this time is insufficient to assess
whether or not they are qualified for space
applications. It has been assumed that the cables
will be available as fully qualified items.

oo,
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STRUCTURAL DYNAMICS CONSIDERATIONS

Dynamic Envelope

The increased weight of the stowed arm structure
would result in increased sway of the arm under
dynamic load conditions. The total weight of the
cable system equals 103 lbs. The increase in
dynamic sway (at the arm C/L) is estimated to be
0.060". The static envelope available for the
stowed arm is expected to reduce by 0.060" on
radius (i.e. C.120" on diameter) at the arm
centre/line. The decrease in static envelope in
other areas is estimated to be about 13% (i.e.
specific envelope allowances for cameras, etc).

& Ny

The above increase in dynamic envelope
requirements will necessitate close examination in
all areas to ascertain if there are interference
~roblems. Critical areas are primarily the cargo
bay door radiators.

Cable Attachment

The cable attachment chips will be designed for
259 load on the cable for vibration environment.
The areas along the boom where the cable harness
bundle is split into two portions, this load
condition would imply 24 lbs. load at each clip if
they are 12 inches apart. The local loads in
other areas would depend upon the cable
configuration, location of attachments, etc. The
design of cable <lamps will be such that the local
resonant frequencies are above 100 Hz to prevent
interaction with arm dynamics.

Structural Loads

Addition of 103 lbs. of cable to the structure
will also increase the loads in the primary
structural elements of the arm. The increase in
loads due to quasi-static conditions is estimated
to be 13% while the random loads are expected to
increase by 5%.
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Stress Considerations

The cable clamps and attachment bolts will be
analyzed to the loads specified and will be
designed to exceed the first resonant frequency
minimum requirement. Intermediate straps will be
required along the arm booms at a suitable pitch
based on support strength and envelope
requirements. The margins of safety will be
calculated as follows:

M.S. (Yield) = Material Yield Stress (Fty) -1.0
Max. Working Stress x 1.0

M.5. (Ultimate)= Material Ultimate Stress
(Ftu) or Crippling Stress -1.0
Max. Working Stress x 1.4

Fracture mechanics analysis of known critical
components will be performed for the new load
spectra which will include the total number of
SRMS/PEP missions and modifications or structural
stiffening will be added if possible to maintain
100 safe mission life capability. Where there is
impractical, a waiver will be sought on total life
requirement,

P M
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MASS PROPERTIES

PEP Power Bus on SRMS

The weight of the PEP Power Bus that interfaces
with the orbiter at the SRMS shoulder joint and
with the solar array system at the end effector
total 108 1b as follows: -

12, #6 cables approximately 70 £t. long (93 1lb.)

3 connectors (4 cables/connector) at the shouldc:
joint interface (3 1b.)

1l special connector (12 cables) at the end
effector interface (3 1lb.)

Cable provisions to support the cables at each
joint and along the length of the arm per layouts
31221L1 through 3 (9 1lb.)

SRMS/PEP Interface Connector Assembly (Driven)

A special connector (12 cable) at the end effector
interface and mounted to the PEP system is
estimated to weigh 3 1lb. with additional weight
for the lower actuator of 2 lb. for a total of S
1b.

Grapple Fixture and Connectors

The weigat of a grapple fixture that interfaces
with the end effector based on an existing design
is 10 1b. .

Orbiter/SRMS Interface Connector (Ref. Only)

The weight of 3 mating connectors (4
cables/connector) at the orbiter interface (SRMS
shoulder joint, required for the PEP Power Bus, is
estimated to be 3 1lb, This is not included as
part of the PEP System Package, and should be used
as reference only.
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DEVELOPMENT AND TEST PROGRAM

The proposal presented in the preceding sections
is based upon desicn layout studies only. To
verify the feasibility of a design of tkis nature,
an extensive development program will be necessary
whereby representative cable configurations and
materials will be used. Fully working joint
mockups will be required to determine cable system
handleability.

Until such a program has been undertaken, it can
only be assumed that the proposed methods of cable
handling will satisfy the requirements.

Further to the development program outlined above,
a comprehensive environmental test program will be
required. Thermal vacuum (including operational
cycling on simulated SRMS joints) and vibrati..n
testing of critical areas will be necessary to
reduce system failure risk.

Fully detailed thermal and structural dynamic

analyses will be conducted to establish test
parameters.
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DESIGN PROPUSAL LAYOUTS

Design Layout #

31221L1

31221L2

31221L3

31221L4

. 31221L5

Title

SRMS/PEP Cable Handling System
Proposal - Wrist Roll Joint

SRMS/PEP Cablie Handling System
Proposal - Shoulder Joint

SRMS/PEP Cable Handling System
Prcposal - wrist Pitch ané Yaw
Joint

SRMS/PEP Cable Handling System
Proposal-General System

SRMS/PEP Cable Handling System
Proposal - SRMS/PEP Interface
Connector Assembly

L s
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PRELIMINARY SPECIFICATION
“P GIMBAL ASSEMBLY,
SOLAR ARRAY DRIVE,
TWO-AXIS
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1.0 SCOPE

This specification dofines the requirements for an electromechanical, two-
axis gimbal assembly consisting of two direct current actuators, supports,
bearings, electrical connectors and slip ring assembly or equivalent to
transfer electrical power and signais across the continuously rotating
interface.

1.1 Intended Use
The gimbal assembly is to be used as part of the Power Extension Package (PEP)
to poinc a large solar array at the sun durirg Orbiter operations.

2.0 APPLICABLE DOCUMENTS

2.1 Genera!

The following documents, of the exact issue shown, or if no issue is specified,
the issue in effect at the date of invitation to bid, form a part of this
drawing to the extent specified herein. In the event of conflict between
documents referenced here and other detail contents of Sections 3, 4 and 5,

the detail requirements of Section 3, 4 and 5 shall be considered the
superseding requirements.

Specifications
Federal
QQ-S-571 Solder, tin alloy, tin-lead alloy and lead alloy
Military
MIL-A-8625 Anodic coatings, for aluminum and aluminum alloys
MIL-B-5087 Bonding, electrical and lightning protection for
Aerosnace System.
MIL-8-7883 Brazing of steels, copper, copper alloys, nickel
alloys, aluminum and aluminum alloys.
1L -C-5541 Chemical conversion coatings on aluminum and aluminum
alloys
MIL-C-6021 Casting, classification and inspection of
MIL-C-27500 Cable, electrical, shielded and unshielded, aerospace
MIL-14-86098 Hotors, direct current, 28 volt system aircraft
MIL-5-5002 Surface treatments and metallic gatings for metal
sdrfaces
218
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flIL-T-1528

MIL-W-6858C

MIL-W-8939
RIL-W-22759

HIL-W-81381
HIL-W-5088
AIL-STD-129F
MIL-STD-130D
MIL-STD-143

HIL-STU-454
(Requirement 5)
MIL-STD-461A

HIL-STD-889
MIL-STD-1523
i8S Handbook H28
4ASA
5L-E-0002

SN-C-0005
SP-R-0022A

MSFC-SPEC-222A
MSFC-SPEC-522A

3.0 REQUIREMENTS

3.1 Item Definition

Treatment, moisture and fungus resistant, of comwuni-
cations, electronic, and associated electrical
equipment

Welding, resistance, aluminum, magnesium, non-
nardening steels or alloys, nickel alloys, heat-
resisting alloys, titanium alloys, <~ot and sea
welding, resistance, electronic circuit modules
Wire, electric, Fluorocardon insulated, copper or
copper alloy

Wire, polyimide insulated, copper or copper alloy
Wiring, aerospace vehicle

Marking for shipment and storage

{dentification marking of U. S. military property
Specification and Standards, Order of Precedence fur
selection of

Standard, general requirements for electronic equipment
(Soldering)

Electromagnetic interference characteristics req

for equipment

Dissimilar metals

Age-sensitive elastomeric material, age controls of
Screw thread standards for federal service

Electromagnetic interference characteristics requirements
for equipment for Space Shuttle

Contaminaticn control requirements for the Space Shuttle
Program

Vacuum stability requirements of polymeric material for
Spacecraft application, general specification for

Resin systems, electrical and environmental insulation
Design criteria for controlling stress corrosion cracking

The gimbal assembly snall be an electromechanical device witicn provides 2 axis
positioning of a large sclar array. One axis, referred to as the Alpha axis
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will have continuous rotation capability. Tne other axis, referred to as the
Beta axis will have a total of 90° rotation. Electrical power circuits and
signal circuits must be transferred across both axes. One side of the gimbal
asserbly will be structurally attached to the solar array structure, the other
side will be attached to a grapple fixture. Ouring operation the grapple
fixture will be attached to the end effector of the RMS. The control of the
gimbal assembly will utilize a closed-loap position control servo system.

3.1.1 Interface Definition

3.1.1.1 lechanical
Tne gimbal assembly mounting, axes location and eavelope shall be in accordance
with figure 1.

3.1.1.2 Electrical
The gimbal assembly electrical interface shall be in accordance with figure 2.

3.1.2 Gimbal Assy Power Requirements

The actuators for the Alpna and Beta axis drive shall utilize D.C. power from
the orbiter buss. The voltage range is 13 to 32 VDC. The actuators power
drain shall nct exceed 50 watts steady state.for both actuators operating
simultaneously and including position feedback transducers excitation. With
ooth actuators at stall the power drain shall not exceed 100 watts.

3.2 Design
3.2.1 Alpha Axis Drive Performance

3.2.1.1 Stail Torque o -~ a R
The stall torque of the Alpha axis drive shall be 100 ft pounds minimum, 150 ft o

~ pounds maximum, in both rotational directions at 32 volts.

3.2.1.2 Rate
The rate of the Alphaaxis drive shail be 0.5° per second minimum at 32 volts
with no externally applied torque load. The speed-torque relationship shall be
linear within b 10% between stall and full rate.

3.2.1.3 Feedback Position Transducer

The feedback position transducer may be either analog or digital. The a
accuracy, or resolution, of the transducer shall resolve the true position of
the gimbal witnin 1.0%.
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3.2.1.4 Travel
The Alpna axis shall have continu.us rotation capability in either direction.

3.72.2 Beta Axis Drive Performance

3.2.2.1 Stall Torque
The stall torque of tuz Beta axis drive siaall be 1C) ft. pounds minimum,

150 ft pounds maximum, in both rotational directions at 3. volts.

3.2.2.2 Rate

The rate of the Beta axis drive shall be 0.5° per second minimum at 32 volts
with no externally applied torque load. Tie speed-torg'« relationship shall
be linear within = 10% between stall and full rate.

3.2.2.3 Feedback Pesition Transducer

Tne feedback position transducer may be either analog or digital. The accuracy
or resolution of the transducer shall resolve the true position of the gimbal
within 1.0°.

3.2.2.4 Travel

The travel of the Beta axis drive shall be 90° minimum 92° maximum the travel
shall be Tizited by mechanical stops. ilo limit switches shall be used t.
interupt power to the actuator motor.

3.2.3 Life Requirements

The gimbal assembly shall be designed to provide the most cost effective life
capability, considering minimun maintenance and refurbishment as well as state-
of-the-art design. Upon comyletion of trade studies by the seller to establish
the relationship between tiese evaluation items, the following life objectives
will be changed to requirements.

3.2.3.1 OQOperat.ng Life

As a design objective the gimbal a: sembly shall be capable of meeting the
performance specified herein after operating for a period of 33,600 hours.
Thais time is equivalent to 100 orbital missions in a 10 year perida. The
average orbital mission will be 14 days. Preventive mainterance, servicine
repair, and replacement of parts shall be consistent with the sellers trade
study results.

3.2.3.2 Shelf Life
As a design objective, the gimbal assembly shall be capable of oparating in
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accordance with the requirements specified herein any time within a period of
10 years from date of delivery when exposed to the applicable environmentals
of paragraph 3.3.

3.2.4 MWeight
The gimbal assemvoly weight shall be less than 40 pounds.

3.2.5 Gearing
The gearing required to produce the gimbal torque and motion requiraments

must be intarnal, permanently lubricated and sealed to prevent lubricant
leakage externaily. Relub~ication will not be accomplished during the service
life of the actuator.

3.2.6 Bearings
The gimbal assemtly bearings shall be selected on the basis of operation at the

maximum load and temperature conditions during vacuum operation. The bearings
shall be permanently lubricated. Relubrication will not be accomplished during
the service life of the actuator.

3.2.7 Attachments

A1l mechanical attachments shall be secured by suitable means toc prevent
loosening in the vibration environment of Paragrapn 3.4.3. Standard parts shail
be used whenever they are suitable for the purpose. The materials shall be
corrosion resistant of suitably processed to resist corrosion. Because of the

- susceptiability tc hydrogen embrittlement, the use of the cadmium plated steel = ~
attach hardware shall be avoided whera possible.

3.2.8 Attitude
The gimbal assembly shall be capable of aperation in any attitude on the
ground or in a zero g environment.

3.2.3 Selection of Specifications and Standards
Specifications and standards for the identification and control of materials,

parts, and processes of this equipment shall be selected in accordance with
MIL-STD-143.

3.2.10 Materials and Processes

All materials and processes shall be compatible with the performance and environ-
mental criteria for this component. Materials and parts that conform to
Government specifications shall be used as much as practicable.
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3.2.10.1 non-ilagnetic
illon-magnetic material shall be used for all metallic parts except where
magnetic parts are essential.

3.2.10.2 ilon-Metallic Materials

Insofar as practicable, a non-metallic item shall be resistant to lubrication
materials, environmental temperatures and conditions, and combirations thereof.

don-metallic parts shall not have a corrosion stimulating effect on other
materials wnen exposed to the specific useful life. Fungus nutrient materials
as defined in paragraph 3.3.3.2.2 of MIL-T-152B shall not be used. A list of

all non-metallic materials and their individual weights shall be provided to
the buyer.

3.2.10.3 Limited Life Items

Tne buyer must be notified in writing whenever age critical or time/cycle
significant item/material (iimited life items)are contained in the gimbal
assembly. These item/materiais must meet the minimum service life in Para.
3.2.3 and *:e ~eyuirements of MIL-STD-1523. The date of installation and
manufacture of age critical naterial must be noted on the shipping paper.

3.2.10.4 Lubricants

The use of luc.,icents and sealants shall require written buyer approval prior
to use.

3.2.10.5 Threads
All threads shall be in accordance with NBS Handbook H28.

3.2.10.6 Finich Requirements

Selection of proper surface treatments, finish materials, and application
methods shall be governed by the type of material used, environmental and
functional design requirements, and handling and storage requirements. The
materials and the processes used for their application shall not deleteriously
affect the parts and shall produce satisfactory corrosion resistant surfaces.

3.2.10.7 Fabrication Operations

Maximum protection shall be afforded all surfaces of the item by performing
all fabrication operations practicable prior to the application of protective
finishes.
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3.2.10.8 Corrosion Resistant Steel
Corrosion resistant steels shall be passivated in accordance with MIL-5-5002.

3.2.10.9 Stress Corrosion
A1l metalic parts within the actuator shall conform to the requirements of
MSFC-SPEC-522A.

3.2.10.10 OQutgassing -

The gimbal materials shail be selected for low outgassing characteristics to
‘insure that any effluents do not jeopardize performance of other Orbiter/
Payload systems. Selection criteria shall be 1% total mass loss and 0.1%

volatile condensable material (VCH) as defined in specification §P-R-0022. -

3.2.10.11 Dissimilar iletals
Unless suitably protected against electrolytic corresion, dissimilar metals,
as defined in MIL-STD-8883, shall not be used in intimate contact.

3.2.13.12 Potting or Encapsulation

For general use, pottingorencapsulation materials shall conform to HSFC-
SPEC-222, op any other suitable material which is compatible with the specified
environments may be used.

3.2.10.13 Chemical Surface Treatment

Apply chemical surface treatment per MIL-A-8625, Type I, Class 1, or MIL-C-
5541, Class I, for all aluminum allcys which are to be painted or where
maximum corrosion protection is required on surfaces not to be painted.

Apply chemical surface treatment ver HIL-C-5541, Class 3, for corrosion
resistance on all aluminum alloy surfaces where low electrical resistance is
required.

Standard attachment parts such as rivets, balts, nuts and washers wnich are
component parts of assemblies which will be primed or painted upon completion
do not require primer prior to assembly provided they meet the dissimilar
metal requirements of MIL-STD-889.

Painting is not to be used unless thermal analysis indicates the external
surfaces - © the assembly require paint to obtain a specific solar absorption/
surface emissivity ratio in order to regulate temperature.
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3.2.11 Maintainability

~ The gimbal design objective is to operate and meet all performance requirements

throughout its life without maintenance. The supplier shall consider all con-
straining items wiich would require special attention after each mission or
group of missions (i.e., lubricant degradation/depletion, material deteriora-
tion, etc.) and recommend field tests and inspections, the results of which
wonld indicate whether or not this design objective were being met. Should

.. .the field tests and inspections indicate refurbishment of the gimbal is necessary,

it will be done according to a malntenance procedure submltted by the suppl1er
and approved by the buyer.

The glmba] des1gn shall 1ncorporate features to accommodate maintenance.

3. 2 12 Interchangeab1llt1

The gimbal assembly and all replaceable detail parts which are identified with
the same part number, shall be physically and functionally interchangeable.

3.2.13 Casting
Castings shall be in compliance with the requirements of MIL-C-6021, Class 1,

Grade B.

3.2.14 Brazing
Brazing shall be conducted in compliance with the requirements of MIL-B-7883.

3.2.15 Motors
The motor designs shall be compatible with the gimbal assembly requirements
specified herein and the requirements of MIL-M-8609 paragraphs 3.3, 3.3.%,

3.3.2, 3.3.3, 3.4.3, 3.4,3, 3.4.7, 3.4.9.2, 3.4.9.3, 3.5, 3.6, 3.7, 3.8,
3.9, 3.10.2, 3.12, except as otherwise specified herein.

3.2.15.1 Hot - Types
Permanent magnet, motors shall be utilized.:

3.2.15.2 Wire Routing and Protection

The motor designs shall provide for clear unobstructed wire routing. All leads
shall be suitably supported to prevent insulation chafing by adjacent structure
during a vibration environment. All insulated leads shall be suitably protected
to prevent damage during motor assembly. Sharp edges on attachments or
structural parts in close proximity to wires are not allowed.
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3.2.15.3 Armature Balance h
The armature of the motors shall be dynamically balanced to prevent vibration -
and armature bearing loading when operating at the no-lcad speed with 32 tos -
volts.

3.2.15.4 Armature Assembly Preload
Axiai motion of the armacure assembly shall be controlled through the use of
an axial preload.

3.2.15.5 Thermal Protection

No thermal switches shall be incorporated in the design of the gimbal assy.
The assembly shall be des‘gned to sustain locked rotor current continuously
without causing a fire hazard. .

3.2.15.6 Electromagnetic Interference Fiiter

The motors with EMI filters shall comply with the CEO1 and CE03 conducted
interference limits of MIL-STD-461A and REQ2 radiated interference limits and
the TT01 requirements defined in SL-E-0002. A1l bonding necessary to meet
this requirement shall be accomplished per MIL-B-5087, Closs R. The
components used in the filter and tests conducted on the fil%er shall be
approved by the buyer.

3.2.15.7 Insulation Resistance

With the indivicial motor windings shorted at the connector, the insulation
resistance between the insulated points and the motor case with the motor
stabilized at +70° +20°F shall not be less than 50 megohms when tested with
75 +5 volts DC.

3.2.15.8 Dielectric Strength

With the individual motor windings shorted at the connector and the filter
isolated, the dielectric strength between the insulated points and insulated
points and the motor case shall be 600 +60 volts RMS 60 Hz for a minimum of
60 seconds. Leakage current shall not exceed 1.3 milliamps.

3.2.15.9 Bonding
A1l mechanical interfaces in the gimbal assy, including electrical connectors,
shall be bonded per MIL-B-5087, Class R (2.5 milliohms maximum per interface).
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3.2.15.10 Electrical Connections

A1l electrical connections within the motor shall be brazed, welded or
mechanically attached. Soft solder shall not be used unless otherwise
approved by the buyer.

3.2.16 Slip Ring Assembly (SRA)
The gimbal assembly shall include a slip ring assembly or equivalent to
transfer solar array power and command and instrumentations across the
continuously rotating alpha aris.

3.2.16.1 Electrical Requirements

Electrical and electronic parts and materials selected shall be used within
their electrical ratings and environmental capabilities. Deratiﬁg shall be
accomplished, as necessary, to assure the required equipment reliability
within the specified operating conditions. Unless otherwise specified, the
SRA shall meet the following electrical requirements under any combination of
operational environments specified herein.

3.2.16.2 Circuits
The SRA shall consist of 36 total circuits or rings. The types, capacities
ard quantities of the circuits are as follows.

Ring No. Type Current Function Voltage
1-12 I 60 amps, max Solar array power 90 to 240
13-32 11 1 ma to 100 ma Signal and instrumentation 0 to 32
33-36 111 10 amps max Actuator power 18 to 32

A11 circuits shall be designed for continuous operation with the maximum
current specified.

3.2.16.3 Rotational Speed

The SRA will be designed for rotation in both directions and shall meet the
performance specified herein with rotational speeds from 0 to the maximum
rate of tne alpha gimbal actuator.

3.2.16.4 Dielectric Strength

The SRA shall be designed to withstand at least 500 volts RMS, 60 Hz, applied
for a minimum of one minute between each contact and every other contact of
other noncommon rings, and between each contact and the SRA shaft, housing
and connector case excluding grounded contacts. 7There shall be no evidence
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of arcing, flashover, breakdown, nor any leakage current in excess of 50
microamperes. .

3.2.16.5 Insulation Resistance

The insulation resistance between any contact and every other noncommon
contact, and between any contact and the SRA shaft, housing, and connector -~
case excluding grounded contacts shall be 50 megohms minimum at 500 +10 VOC. : ws
Insulation resistance shall be one megohm mirimum at 100 +10 VDC during and
immediately aftr - exposure to relative humidity equal to or greater than i
98%. Voltage shall be applied uninterrupted for up to cne minute.

3.2.16.6 Crosstalk -
During any combination of voltage, current, rotationai speeds and environ- -
ments specified herein, the crosstalk induced into any Type II circuit from

any other SRA circuit shall be attenuated at least 30 dB with a termination

load of 5000 ohms at 20 Hz to 20 KHz.

3.2.16.7 Impedance Noise

Equivalent electrical peak to peak impedance noise of any SRA circuits shall
not exceed 10 milliohms per circuit pair during any combination of voltage,
current, rotational speeds and environments specified herein.

3.2.16.8 Voltage Drop
At zero to .5°/sec rotational speed the end to end (connector contact to

connector contact) circuit voltage drop shall be as follows.

Type Current Max Voltage Drop
I 10 to 60 amps 200 Mv
II 1 ma to 100 ma 1.0 W
II1 10 amps 100 My

3.2.16.9 Derating

The SRA wiring shall be selected according to MIL-W-5088 for the electrical

and environmental requirements of this specification such that the rated

maximum conductor temperature is not exceeded for any combination of

electrical loading, ambient temperature, and heating effects of bundles,

conduit and other enclosures. Factors to be considered in the selection are

voltage, current, amuient temperature, mechanical strength, abrasion, o
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flexure and pressure-altitude requirements. The SRA electrical components,
less wiring, shall be designed with a minimum derating factor of 50%.

3.2.16.10 Continuity
At speeds ranging from 0 to .5°/sec cumulative electrical discontinuity or any

circuit shall not exceed one microsecond within any 100 millisecond period.

3.2.16.11 Wiring

The SRA wiring shall be selected according to the electrical and environmental
requirements of this speciiication, and shall conform to eitherMIL-W-22759/9/
10/11 or MIL-W-81381/7/8/9/10. Cable design shall conform to MIL-C-27500.

3.2.16.12 Soldering '
Soldering shall be in accordance with MIL-STD-454, Requirement 5. Solder

shall be in accordance with QQ-S-571. Solvents used for cleaning and flux
removal shall be of high purity grade, non-conductive, non-corrosive, and
shall not degrace the reliability of the soldered connection of adjacent
parts or materials. Each soldered connecticn shall exhibit a bright shiny
appearance, no porosity, good adherence, and no excess flux or solder when
visually examined under direct 1ight at five power magnification.

3.2.16.13 Welding
Resistance welding shall be conducted in compliance with the requirements of

MIL-W-8939 for electrical welds, and MIL-W-6858, Class A, for mechanical

_welds. ) - |

3.2.17 Gimbz1 Assy Dynamic Performance

With either the Alpha or Beta axes attached to an inertia load of 1650 slug-ft
(about the gimbal axis), the open-loop gimbal rate shall reach 0.5 deg/sec
within the period § to 10 seconds following an input voltage of 18 volts. The
open loop gimbal design shall not preclude the capability to operate smocthlv
at low rates (0.01 to 0.1 deg/sec) when used in a closed loop manner with an
angular position sensor resclution of 1 degree.

2

3.3 Operating Environments
The gimbal assy shall be capable of meeting the requirements of Paragraph 3.9
of this specification during and after exposure to the following environments.
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3.3.1 Temperature
The ambient temperature range for gimbal assy ground operation is 0°F to

110°F. The in-orbit operational temperatures will be dependent on the design
of the gimbal assembly. When determining these extremes analytically, the
supplier shall use the following data:

Environmental Parameter Design Value
Salar radiation 443.7 wtu/ft2/hr
Earth albedo 30%

Earth radiation 77 btu/ft/hr
Space sink temperature 0° Rankin

3.3.2 Vacuum
The gimbal assy shall be capable of meeting the requirements of this

specification during and following exposura to a vacuum of 1 x 10'7 Torr,

3.3.3 Humidity
During ground testing, the gimbal assy shall be capable of performing

contiruously in a relative humidity of 30 to 90%.
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. 3.4 Non-operating Environments
!, The gimbal assy shall be capable of meeting the requirements of this
‘ specification after exposure to any combination of the following non-operating
} environments.

3.4.1 Acceleration
} The gimbal assy shall witnstand +6 +.25 g's in both directions in the axis
perpendicular to the mounting plane and in <ach of the two mutually perpendi-
cular axes.

& e sl

3.4.2 Shock

. ~ The gimbal assy shall be subjected to two tiansient excitations with shock
- response spectrums as shown in Figure 3 in each of the three mutually
perpendicular axes.

3 4.3 Vibration
a. Random Vibration - Qualification
The unit shall be subjected to the following levels in each of the
three mutually perpendicular axes for 400 seconds per axis.

Frequency (H7) Level
10-100 0.014 G2/Hz
100-440 +4 db/octave
) 440-2000 0.1 6%/Hz
G:ins - 13.2

b. Random Vibration - Acceptance
The unit shall be subjected to the following levels in each of the
; three mutually perpendicular axes for 120 seccnds per axis.

Frequency (Hz) Level
_ 10-100 0.003% a%/Hz
? 100-440 +4 db/octave
440-2000 0.025 G2/Hz
: Grms - 6.6

3.4.4 Transportation Shock

Equipment packed in the manner intended for shipment shall be qualified to
the following shock tests: one drop on eack fiat face, edye and corner (26
drops) from a height of 30 inches. The tests shall he non-operational.
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3.4.5 Bench Handling Shock

This cest is conducted to determine the ability of unpackaged equipment to
withstand the shock en~ountered during servicing. Using one edge as a
pivot, tilt the opposite edge of the assembly until the horizontal axis
forms an angle of 45° with the table, or the opposite edge is four inches
abuve the table, whick~ver occurs first, and permit the assembly to drop
‘freely to the horizontal. Repeat, using other practicable edges of the
same horizontal face as pivots, for a total of four drops. This process
sh21l be repeated for each face on which the equipment could be placed
practicably during servicing. The tests shall be non-operational.

3.4.6 Storage
The assembly shall be designed for storage life, not to exceed the useful

life period, in non-environmentally controlled buildings having the
following characteristics:

Temperature - -65°F to +180°F

Relative humidity - 10% to 100%

salt - 5 x 1077 g/cmZ/day follout

100 micron coat/day
Fungus - rapid growth when temperature is greater than 68°F and
relative humidity is greater than 75%

3.5 Cleaning
A1l part. shall be processed in accordance with Specificatiun SN-C-~0005,

Table 1, Level VC (visibly clean).

3.6 Protective Treatment

Materials that are subject to deterioration when exposed to climatic and
environmental conditions 1ikely to occur in service shall be protected
against such deterioration in a manner that will in no way prevent
compliance with the performance requirements of this specification. Protec-
tive coatings that will chip, crack, or scale with age or in the extreme of
climatic and environmental conditions specified herein shall not be used.

3.7 Interchangeability

The item and all replaceable de.ail parts, identified with the same part
number, shall be physically and functionally interchangeable by the use of
dimensions and tolerances.
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3.8 Workmanship

Those aspects of a product which may not be specifically controlled by
requirements such as cleanliness, attachment, wire routiny, torque, align-
ment, finish, etc., and wnich directly affect the product's appearance,
orderliness, and neatness of assembly, or production uniformity are defined
as characteristics of workmanship. The supplier shall establish documented
standards of acceptance for such characteristics and shall apply those
standards as criteria in determining the acceptability of the product.
Workmanship standards shall not be in conflict with requirements set forth
in the engineering drawings or the purchase document and shall not be used
as an instrument to alter the design of the product or to circumvent the
need to upgrade or revise engineering requirements.

3.9 Identification

3.9.1 Identification Plate - Nomenclature

Identify the gimbal assy permanently per MIL-STD-130 using electro-etch
methods. The identification shall depict, but not be lin.ited to, the ~
foliowing information:

Nomenclature: gimbai assy (FIt Crt Item)

Mfr: (supplier code identification no.)
Part No.: TBD

Supplier Part No.: T8D

Serial No.:

Date of Mfr:

Contract:

3.9.2 Serialization

Each gimbal assy shall have a different serial number. Serialization shall
be accomplished without reference to configurations. (There shall be no
two parts with the same basic part number with the same serial number.)
Gaps in serial number sequence are permissible, but the serial number must
conform to the order of production. The serial number shall not be revised
after once being assigned to a particular item.

3.10 Reliability
The gimbal assy is designated as a Flight Critical Item (FCI) and as such

shall conform to the government and industry accepted design practices of
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analysis . ‘s control and derating for achieving a high reliability
product. The gimbal assembly shali provide for reliable operation in any
mode or combination of modes and under any natural combination of loads

and environmental conditions specified herein. Successful completion of the
testing herein shall not relieve the supplier of the responsibility for
compliance of production units with specified reliability and performance
requirements during any subsequent testing or service usage within the
limitations specified herein.

4.0 QUALITY ASSURANCE PROVISIONS

4.1 Requirements/Verification Matrix

The ability of the gimbal to meet the requirements of Section 3.0 of this
specification shall be verified according to the Requirements/Verification
Matrix. The Requirements Verification Matrix is to be completed by the
bidder as part of the proposed test plan.

4.2 Buyer Tests

The buyer reserves the right to repeat anv or all tests on the gimbal assembly.

4.3 Design Changes

No changes of any kind shall be made to any portion of the gimbal assy. by

the manufacturer after receipt of buyer engineering approval of manufacturer's
detail design drawings unless fcrmal authorization has been granted by buyer
engineering. All requests for changes shall be submitted by the manufacturer
in writing and accompanied by adequate evidence that the change will not
adversely affect the performance of the unit. At the option of buyer
engineering, additional tests mav be required prior to approval of such
changes. If the design change is zpproved, a new part number or modification
designation number shall be assigned to the assembly incorporating the
revision 1f interchangeability 1s affected.

5.0 PREPARATION FOR DELIVERY

5.1 General

Unless otherwise specified, the supplier shall be responsible for the
preservation and packaging of the gimbal assembly in a manner that will
prevent contamination, corrosion, deterioration, and physical damage and
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ensure safe delivery in good condition. The minimum requirements for
protection from physical damage shall be as defined in 3.4.

5.2 Cleaning and Packaging

Cleaning and packaging siiall be in accordance with requirements for main-
taining cleanliness specified in Paragraph 2.9 and 2.14 and Table 1,
Level VC, of Specification SN-C-0005.

5.3 Merking

Individual cleaned gimbal assemblies shall be identified by a suitable tag
or label. The tag or label shall be readable without degradation of the
preservation means. The tag or label shall contain the following informa-
tion. '

Part number

Date of final cleaning

Manufacturer's serial number

. "Flight Critical Item"

a n o W

5.3.1 Marking for Delivery
Each individual container shall be durably and legibly marked or labeled
per MIL-STD-129 with the following minimum information; the label shall be
so placed that it is not destroyed by opening the container:

Supplier part number

Supplier name

Part serial number

MDAC-HB purchase order number
MDAC-HB part number

“Flight Critical Item"

Crated parts shall be labeled to indicate which side would be opened for
inspeciion and shall rote the location of the packing slip.

6.0 NOTES

6.1 Approved Source

MDAC-Huntington Beach Supplier Supplier
Specification Control No. Part Number Supplier Name & Address Code
1BXXXXX T8D T8D 18D
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6.2 Definitions

Acceleration due to gravity

G

db Decibel

°F Degrees Fahrenheit

Hz Hertz, cycles per second

MDAC-HB McDonnell Douglas Astronautcis Co.-Huntington Beach

ms Millisecond

ms Root mean square

Temperature The stage at which temperature change is at a rate
no greater than 1°F/min. ,

Stabilization Rate no greater than 1°F/min.

(T8D) To be determined.

Ambient Atmosphere pressure of 30 +2 inches of mercury.

Condition Temperature of 70 +25°F and relative humidity of

90% of less.

6.2.1 Standard Verification/Test Types

The standard verification/test types and their basic objectives are.

a. Development - Conducted to formulate a design to meet performance
requirements, define design requirements, to determine feasibility
of a design or concept, or to evaluate hardware performance.
(Normally conducted only on the minimum number of units necessary
to obtain the desired development information.)

b. Qualification - Conducted on an item representative of a production
unit to verify that the released design and production methods
result in a product that meet performance and design requirements
established by contract, specification and/or engineering drawing.
(Normally conducted on only one unit.)

c. Acceptance - Conducted to measure the product performance
characteristics and to verify conformance to selected design
requirements as a basis for acceptance. (Normally conducted on
each item to contirm acceptability, except where minimum lot
sampling is specified.)
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d. QOperational Test - Functionally operating the item to verify that
performance requirements have been met, or performing an operation
on the item (e.g., corrosion, fatigue, or strength tests) to
verify design requirements.

e. Similarity - Verification by evaluation of analytical or test data
from an analysis or test program for an item which is sufficiently
similar to the required item for the data to be valid. The data
must show that the item used on a basis for verification has
satisfied equivalent or more stringent requirements. Similarity
is not shown as a drawing requirement, but is negotiated separately
to satisfy specific requirements.

6.3 Recording of Serial Numbers

This is a "Flight Critical" item. A record of the serial number shall be
maintained.
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